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. THE MEASUREMENT OF AIR QUANTITIES AND 
ENERGY LOSSES IN MINE ENTRIES 


Part II 


I. INTRODUCTION 


1. Object and Scope of Investigation.—This investigation is a con- 
tinuation of that which was reported under the same title in Bulletin 
158 of the Engineering Experiment Station, the primary object of 
which was “to see whether pitot-tube traversing methods could be ap- 
plied with reasonable accuracy at any desired location in a mine entry 
without building a measuring station and without special preparation 
of the section. As a secondary feature it was planned to secure pres- 
sure-loss data in conjunction with the velocity measurements in order 
to obtain information on the magnitude of so-called ‘friction’ losses, as 
well as of the losses due to splitting, special resistances, etc.”* 

The previous work had been carried on at a mine where operating 
conditions made it inadvisable to vary the quantity or distribution of 
the air, so that it was necessary to conduct the tests with the normal 
velocities of the air current. It was desired, therefore, to continue the 
investigation at a mine where air quantities could be varied at will so 
as to permit the measurement of quantities and energy losses under a 
wide range of conditions. Fortunately, such a mine was available, not 
only offering freedom to vary air quantities as desired, but also pre- 
senting a range of entry characteristics that afforded an opportunity 
to apply the pitot-tube method under both excellent and very bad entry 
conditions. 

The results reported in this bulletin cover work done, at mean 
velocities ranging from 350 to 1900 feet per minute, in entries with 
smooth concrete linings and of regular cross-section and in others of 
irregular shape and extreme conditions of roughness. 

2. Acknowledgments——The work was done under the general di- 
rection of the senior author. The field work was in charge of the junior 
author who was also responsible for the working up of the field data 
and the analysis of the results. Mr. N. A. Tolch, Research Assistant in 
the Engineering Experiment Station, and Mr. P. C. Hsu, a graduate 
student in mining engineering, assisted Mr. Smith in the field work. 

*“The Measurement of Air Quantities and Energy Losses in Mine Entries,” Univ. of Ill. 
Eng. Exp. Sta. Bul. 158, p. 8. 
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The courtesy of Mr. W. J. Jenkins, president and general manager 
of the Consolidated Coal Company of St. Louis, in permitting these 
experiments to be carried on at the No. 7 Mine of that company at 
Staunton, Illinois, is gratefully acknowledged. 

The investigation was carried on under a codperative agreement 
between the Engineering Experiment Station of the University of Illi- 
nois and the Illinois State Geological Survey, and has been part of the 
regular work of the Engineering Experiment Station, of which Dean 
Milo 8S. Ketchum is the head, and of the Department of Mining En- 
gineering, of which Prof. Alfred C. Callen is the head. 


II. MeasuReEMENT oF AIR QUANTITIES BY PrroT-TUBE METHOD 


3. General Statement—Air quantities were determined by the 
method of subsectional velocity-pressure measurements developed in 
the work of the previous season.* 

Only the Ellison multiple inclined draft-gage was used for pres- 
sure readings at higher velocities, and in a few cases the Ellison gage 
in conjunction with the Wahlen gage at very low velocities. Four sec- 
tions were chosen for traversing, three (N,, N,, and P,) in the east air 
split and one (Q,} in the west, as shown on the map (Fig. 1). Each 
was subdivided into twelve or more approximately equal subsections, 
averaging from one to two feet in width and height according to the 
size and shape of the section. An auxiliary pitot tube was maintained 
in a fixed position near the center of the section as a control against 
marked changes in air flow during a given traverse. 

4. Results at Section N,—The most work was done at section N, 
where more than forty traverses were completed with repeated and 
varied conditions of air flow and manner of sectional subdivision. 

This section is about 100 feet from the downcast air shaft and lies 
in a portion of the entry having a nearly rectangular cross-section, due 
to flat roof and floor and concrete walls which extend from the shaft 
for some distance beyond section N,. The gages were mounted at the 
end of the north wall at station 1 (Fig. 1). 

The results obtained in traversing are shown in Table 1. Three- 
fourths of these traverses were made while the mine was idle with 
normal air coursing, later referred to, for brevity, as “idle-normal” 
conditions. The average velocity of 31 traverses made under these 
conditions was 965 feet per minute, representing a quantity of 44 700 
cubic feet per minute, the cross-sectional area being 46.3 square feet. 


*“The Measurement of Air Quantities and EB L Mi i 
Preece sia Bul tas oo Gree mergy Losses in Mine Entries,’”’ Uniy. of Ill. 
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TABLE 1 
Summary or Pirot Traverse Resutts av Secrion Ne 


(1) (2) (3) (4) (5) | (6) 
pee Humbert ‘A Aver- 
0: ver- age 
Tra- Abs Roscial: Extreme Peele, 
verses per cent» ber cen’ 
Mean Velocity 
EMV ATL MN lose ias os ayers Sicoie; ace 31 965 2.1 +4.4 
: —4.4 
A Ae i Se eee 15 979 1.5 +2.9 —3.4 
a 2 MOD ee, 3 Br avefetels"s 6 962 1.4 +2.3 —2.7 
4 Me in ewtbierere vem 6 952 2.0 +3.5 —2.9 
4 fi BAAD tress ord a ese ae 4 936 1.5 +2.9 —1.4 
e i Rede Sr ereiscs sia kes 7 958 2.0 +3.7 —3.6 
4 4 Phy tle PA eases a ee 10 958 1.9 +2.7 —3.5 
MER eine ee hue Ge 14 973 2.2 +3.5 —4.1 
Center Velocity 
30 1105 1.8 +3.2 —2.7 
15 1114 1.8 +2.3 —3.0 
5 1096 1.2 +2.6 —1.9 
6 1098 1.4 +2.9 —1.6 
4 1093 1S +2.9 —1.6 
ib 1103 2.3 +3.4 —2.5 
9 1099 ys +2.8 —2.2 
14 1110 1.5 +2.7 —1.8 
Center Constant (V,,/V,) 
Vn . 
17. — all Aiaterete ce eaccretaiacet 42 0.873 1.2 +3.4 —2.6 
hos Wh) ODS ee See ese 30 0.872 pe +3.5 —1.9 
19 MOGI Wa seraisiere ses 12 0.873 1.3 +2.2 —2.6 
20 iP) TLSS Soagouad 27 0.876 1.3 +2.9 —2.9 
21 yo ls cag oaaa tor 15 0.878 Lo +2.7 —2.0 
22 WOPA AW eteleiel=toisie le ‘ole! 5 0.873 0.4 +0.9 —0.3 
23 LG AOD. wee cieie.cieyes 6 0.866 0.7 +2.0 —1.2 
24 DOWN De a ie ates Were ses 4 0.857 0.2 +0.2 —0.2 
25 PD eee Leta afeauansia.scsacexe 13 0.871 Let +2.2 —1.8 
26. Ss all Rane phar ecuysik ss’s 19 0.875 1.2 +3.1 —2.8 
27 SIS eos Oren 7 0.866 ed +1.7 —1.1 
28 APO IN Gono meas 30 9 0.869 LO +2.4 —1.6 
29 SED ewes canis civickee 14 0.877 ital +2.9 2.4 


*Forty-six traverses were completed, reckoning the composite traverse as four separate 
traverses, and three Wahlen traverses run simultaneously with Ellison traverses as separate traverses. 
The results obtained with the Wahlen gage are not included in this summary. The area of the section 
is 46.3 square feet. 

+Center velocity not determined in one traverse. 

tV,, = mean velocity: V, = center velocity. 

Note: In order to present briefly reasons for grouping certain traverses the following abbre- 
viations are used in the tables: n, normal air flow; i, mine idle; r, mine running; 12, 15, 16 or 20, the 
number of subsections into which the section was divided; where other numbers appear (1.2n, 0.8n, 
0.3netc.) they are coefficients of n and denote the approximate proportion of the normal quantity 
flowing, the exact quantity being obtainable from the values of mean velocity. H, 8, and T represent 


different observers. 


The average center velocity (V.) of the same group of traverses was 
1105 feet per minute which, divided into the mean velocity (Vm) of 


965 feet per minute, gives a center constant Z) of 0.872 (item 18, 
Table 1). ; 
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Fig. 2. Section N2, SHowING Location oF TRAVERSE PoINTS 
ror 12, 15, 16, AND 20 SuBsEcTIONS 


That a fair uniformity of flow persisted throughout this series of 
traverses is indicated by the low average residual* of the mean veloci- 
ties, 2.1 per cent of their average value. The residual of the highest 
mean velocity of the series was + 4.4 per cent, and that of the lowest 
— 44 per cent (item 1, Table 1). 


5. Effect of Different Methods of Subdivision —The fineness with 
which each traverse section is subdivided is a matter of vital concern 
in this work, as the amount of labor involved increases geometrically 
with the number of subsections, and at some point the probable greater 
accuracy to be gained by finer subdivision is counteracted by the in- 
creased cost of the work. 

With a view to throwing more light on this point than was ob- 
tained in the previous work (see Bul. 158, p. 67) section N, was sub- 
divided in four different ways, having 12, 15, 16, and 20 subsections, 
with mean subsectional areas of 3.85, 3.1, 2.9, and 2.3 square feet re- 
spectively. The location of the traverse points is shown in Fig. 2. 


*The method of residuals is used in showing variations, as was done in Bulletin 158. An 
example referring to results in line 5, Table 1, will explain the method: Four “‘idle-normal’’ tra- 
verses were run with the entry divided into twenty subsections. The mean velocity, as given by 
the average of the four traverses (column 3), was 936 feet per minute. The mean velocity for 
each traverse was 963, 924, 923, 933 feet per minute, averaging, as above, 936 feet per minute. 
The residual obtained by deducting this average from the mean velocity of each traverse, and 
expressed as a percentage of this average, gave + 2.9, — 1.8, — 1.4, and — 0.3 per cent respec~ 
tively, averaging 1.5 per cent. This latter value is the ‘‘average residual” in column 4. The ex- 
treme residuals, columns 5 and 6, were evidently + 2.9 and — 1.4 per cent. 
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Twenty idle-normal traverses were made following the introduction of 
the higher (15, 16, and 20) subsectional subdivisions; four of these had 
12 subsections with a mean velocity of 980 feet per minute; six had 15 
subsections with Vm —962; six had 16 subsections with Vm = 952; 
and the remaining four with 20 subsections had V,, = 936 (Table 1, 
items 3, 4, 5). The mean velocity of the 20 traverses was 957 feet per 
minute as shown in Table 2, which presents an analysis of the results 
involving the different subsectional divisions. 

The average velocities of the 12-, 15-, 16-, and 20-subsection tra- 
verse groups are, respectively, 2.4 and 0.5 per cent above and 0.5 and 
2.0 per cent below the average of the 20 traverses. At the same time the 
center velocities averaged, respectively, 1.0 per cent above and 0.2, 0.0, 
and 0.5 per cent below the average center velocity. This indicates that 
there was a gradual decrease in the quantity of air being delivered to 
this split as the work, which extended over several days, progressed. 
This may have been due to a gradual reduction in fan speed or to 
changes of the air coursing in some part of the mine. Whatever its na- 
ture, its effects on the present discussion may be eliminated by sub- 
tracting the center-velocity residuals (+ 1.0 per cent, — 0.2 per cent, 
0.0 per cent, and — 0.5 per cent) from the respective mean velocity 
residuals (-++ 2.4 per cent, + 0.5 per cent, — 0.5 per cent, and — 2.2 
per cent). This reduces the mean velocities to a common basis on the 
assumption that the mean velocity is a direct function of the center 
velocity. 

- On this basis the 12-point subdivision yielded quantities 1.4 per 
cent above the average, the 15-point, 0.7 per cent above the average, 
the 16-point, 0.5 per cent below the average, and the 20-point, 1.7 per 
cent below the average. This is an interesting result, and one which 
is consistent with conclusions previously reached.* It is, however, sub- 
ject to the criticism that the mean velocity may not be a direct func- 
tion of the center velocity, and that the method used to reduce the 
data to a common quantity may be in error. This difficulty was 
avoided, as well as the effect of differences in time and observer, by 
running a composite traverse which included all of the 63 established 
traverse points of the four systems (12, 15, 16, and 20 points) in the 
order in which they were met in working from the upper left-hand 
corner to the lower right-hand corner of the section (Fig. 2). All read- 
ings were taken by the same observer, and a quantity computed for 
each of the four simultaneous sets of data obtained. The results are 
shown in Table 3. 


*Bul. 158, p. 68. 
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TABLE 3 
Comrositn Traverse, SEcTION N2 


July 23, 1926, ‘idle-normal”’ air flow, observer S 


169) (2) (3) (4) (5) (6) (7) 
Mean Residual Residuals Residual Per cent 
_Number Velocity per cent of from above 20 Ve of Total 
As of (feet per average Table Subsection == Area Included 
ubsections minute) 2* ae VA in Traverse 
ss per cent per cent Net-work 
12 959 +1.4 +1.4 2.8 0.880 49 
15 950 +0.4 st-Od) 1.8 0.871 53 
16 942 —0.4 —0.5 1.0 0.864 55 
20 933 ie —1.7 0.0 0.856 59 
Average 946 0.9 1 Te | 


*These are the residuals of the average mean velocities for each method of subdivision in per 
cent of the overall average. These averages are given in Table 2, column 5. 


While the former reasoning, based on the results of 20 traverses, 
included the composite traverse as four separate traverses, the agree- 
ment between the two methods of comparison is remarkable and would 
seem to justify the conclusion that for this particular section the 12- 
point subdivision gave quantities approximately 3 per cent, the 15- 
point 2 per cent, and the 16-point 1 per cent above the results of the 
20-point subdivision. The relative portion of the total cross-sectional 
area (46.3 square feet) included within the approximate rectangle 
formed by lines joining the adjacent corner traverse points is given in 
column 7, Table 3, to give an idea as to the relative extent to which 
the traverse net-work extends toward the boundaries of the section. It 
will be noted that with the 12-point subdivision, which was considered 
the “standard” subdivision, or the one which would have been used if 
only one were to be employed, less than half the area of the section is 
included within the traverse area. To increase the number of points by 
two-thirds, from 12 to 20, included but an additional 10 per cent of 
the area, under the simple methods of subdivision used here. Thus 
fully 40 per cent or more of the area was left unexplored, and this un- 
explored peripheral portion is the region in which velocities are most 
uncertain and probably most erratic. This is, perhaps, the greatest 
weakness in this method of quantity determination. 


6. Uniformity of Center Constant—Some authorities hold that 
the essential criterion of reliability of traversing data is the uniformity 


A Ve 
of the ratio of mean velocity to center velocity car or the center 
Cc 
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TABLE 4 


Center Constant DETERMINATION, SECTION No» 


| 
(1) (2) (3) (4) (5) 
Cumulative Per cent Per cent 
Serial Vin Average Residual Residual 
Traverse Wes from from 
Number V, = 0.873* 0.878t 
c 
1 OF9O2ZR 1 y | ntereieners +3.3 +2.7 
3 0.860 0.881 +0.9 +0.3 
4 0.888 0.883 +1.1 +0.6 
5 0.888 0.885 +1.4 +0.8 
6 0.872 0.882 +1.0 +0.5 
vf 0.890 0.883 +1.1 +0.6 
8 0.870 0.881 +0.9 +0.3 
9 0.868 0.880 +0.8 +0.2 
10 0.864 0.878 +0.6 0.0 
ll 0.860 0.876 +0.3 —0.2 
12 0.882 0.877 +0.5 —0.1 


*Average for all traverses. _ 
+Average for 12-subsection idle-normal traverses. 
Traverse Number 2 was not completed. 


constant, for successive traverses. It will be noted (item 17, column 3, 
Table 1), that this item has been computed for the 42 traverses in 
which the center velocity was determined, with an average value of 
0.873. A satisfactory uniformity is indicated by a mean residual of 
only 1.2 per cent of the mean value (item 17, column 4, Table 1). The 
maximum individual residual was + 3.4 per cent; this was from the 
first traverse which is open to some suspicion, due to a notably high 
mean velocity (997 feet per minute) accompanying an average center 
velocity (1105 feet per minute, center constant — 0.902). The next 
highest individual residual was ++ 2.2 per cent and the lowest — 2.6 
per cent. In view of the fact that this included the work of four dif- 
ferent observers, both idle and running conditions, and a range in mean 
velocities between 350 and 1130 feet per minute, the consistency in 
center constant is remarkable, and the adoption of an average value as 
a factor to be applied to center velocity for quantity determination is 
unquestionably justified, where an error of a few per cent is admissible. 


7. Determination of Center Constant.—If the use of the center 
constant is to be made general it is necessary to determine how many 
traverses need be made to establish a satisfactory value. This may be 
done in the case of section N, by assuming the general average value 
of 0.873 to be the objective and calculating the cumulative average 
constant after each successive traverse until it closely approaches the 
objective. This is shown in Table 4 for the first 11 traverses. 
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TABLE 5 
WorkKING-DAY VELocitTies, SEcTION Np» 


Ellison gage, “‘running-normal”’ air flow, 12 subsections 


(1) (2) (3) (4) (5) (6) 
: Per cent 
Becual Vee Ve Vie Residual 
Traverse Observer ft. per ft. per V. 
Number i i se 
min. min. V. 
We 
| 17 C 957 1080 0.886 +1.8 
18 Cc 916 1055 0.868 -—0.2 
19 Ss 906 1060 0.855 -1.7 
Average 926 1065 0.870 122 


| Not until 7 or 8 traverses had been completed did the cumulative 
_ average constant come within one per cent of the objective to remain 
there, although it was not more than 1.4 per cent away after the first 
traverse, which is erratic, although not sufficiently so as to warrant its 
rejection. Since these traverses are all 12-subsection idle-normal ones, 
and the general average center constant of that group, numbering 15 
traverses, is 0.878 (item 21, column 3, Table I), a comparison is made 
between it and the successive cumulative averages. Beginning with 
the second traverse (number 3) the average approached the objective 
very closely and remained within less than one per cent of it. This al- 
-most immediate attainment of the average center constant was due to 
the fact that the second value (0.860) was unusually low, thereby 
largely compensating for the first, which was high. 
So it may be said of section N, that a center constant established 
by two, or more, traverses under uniform conditions (12-i-n) is within 
fess than 2 per cent of the average of over forty traverses made under 
varied conditions. Furthermore, had the second constant (number 3) 
been more nearly in the normal range of the succeeding ones, say 
| 0.885 instead of the low value of 0.860, which largely compensated for 
the 0.902 of the first, averaged with the first it would have yielded a 
‘constant of 0.894, which is 2.4 per cent higher than 0.873, and 1.8 per 
‘cent above 0.878. Hence, in spite of the obviously high first value, two, 
‘or better three, traverses could have been relied on to give a center 
‘constant well within 3 per cent of the general average. 
| Three traverses were run at section N, by two different observers 
(on a working day with the results shown in Table 5. 
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TABLE 6 
CoMPARISON OF ELLISON AND WABLEN GAGE MraAn VELocitigs, SECTION Np 


‘Mine idle 
(1) (2) (3) 
nen V,, (ft. per min.) 
Number 
Ellison Wahlen 
20 714 702 
39 629 615 
40 351 352 


While the average center constant checked with the general aver- 
age value of 0.873 quite nicely, yet both the average mean velocity and 
the center velocity were more than three per cent below the corre- 
sponding idle-day averages (965 and 1105 respectively). 

In three traverses the Wahlen gage was used for traversing in 
conjunction with the Ellison gage with the results shown in Table 6. 
The coursing of the air was changed for each case. 

While there is not cnough data to warrant a generalization as to 
the exact relative behavior between the gages, the agreement shown is 
assurance that the velocity pressures were measured with sufficient ac- 
curacy with either gage. 


8. Results at Section Q,—A section quite similar to section N,, 
although a little smaller in area, was established in the west split, 
about 200 feet from the shaft, and designated Q, (see Fig. 1). It is 
also in a concreted portion of the entry, is nearly rectangular in shape, 
and has an area of 42.7 square feet. It was divided into 12 subsections, 
as shown in Fig. 3, having a mean area of 3.55 square feet. The peri- 
pheral traverse points include 49 per cent of the sectional area, which 
is the same as the corresponding value with 12 traverse points at sec- 
tion N,. 

Seventeen traverses were completed at section Q,, with the gages 
mounted at station 3 (Fig. 1) in the concrete manway just beyond Q,. 
Mean velocities ranged from about 360 to 1270 feet per minute, with 
only three of the traverses at velocities below 1000 feet per minute. 
Six groups of two or more traverses each were run under different con- 
ditions of air flow, and one isolated traverse (number 14) at the low- 
est mean velocity, 364 feet per minute. The results, summarized in 


| 
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TABLE 7 
Summary or Pirot Traverse Resuuts at Section Qu 


(1) (2) (3) (4) (5) (6) 
4 N a at Average 
em fo} Average Residual, Ext: . 

Traverses per cent a voor satire peed 

es ie a 3 | 1077 LES +2.1 —1.6 

De eae 3 1045 ial 41.0 =a. 

3. Weereistatsv ace 6 1061 1.5 +3.7 —3.2 

4, l.In 4 1200 LES +1.3 —1.3 

Be, fl ime 2 1184 EO MnL eae eee 2) |e 

6. ron... 3 1152 eS: +1.4 —2.3 

Te * See 5 1164 1.4 +2.7 —3.3 

8. o Aine ast 4 1341 1.2 +1.8 —1.2 

Omemealleee ae 16 0.906 ileal +5.7 —1.8 

Ve 

10. 2 | 0.902 OsGigg wall te SaRhiece lh sets 

Ate 3 H 0.908 0.4 +0.6 —0.3 

12. 5 0.905 0.4 +0.9 —1.0 

13. E 4 0.894 0.3 +0.4 -—0.4 

14. NOt Ds. .% 11 0.906 125 +5.7 -1.8 
15. all except 

Now Ta ee. 15 0.902 0.8 +2.7 -1.3 


ners traverses were completed using the Ellison gage. For one of these no center velocity 
was read. 

{Traverse 14 was run at the lowest. mean velocity for this section (364 feet per minute) and 
gave the highest center constant (0.958) which is 5.7 per cent above the average center constant (0.906). 


Table 7, show that the behavior of the center constant is very nearly 
uniform within any one group and only a little less so for the entire 
series of traverses. 

Following the method of successive averages to determine an ac- 
ceptable constant gives the result shown in Table 8. 

Here the first completed traverse (number 2) gives a result within 
nearly 1 per cent of the overall mean value (0.906) and well within 
1 per cent of the mean of the values at higher velocities (0.902), with 
succeeding traverses yielding results well within this limit. It is in- 
teresting to note that, while sections N, and Q, are similar in many 
respects, their center constants (0.871 and 0.902) differ from each other 


by 3.5 per cent. 


9. Non-concreted Sections—The remaining traverse sections, N, 
and P,, are in the east split beyond the concrete walls, which gives 
them a shape more nearly triangular than rectangular. This is due to 
the fact that the coal is overlaid by a soft shale about 2 feet thick, 
which disintegrates rapidly on exposure to air. Above the shale is a 
limestone which remains in place with the aid of a little timbering, 
while some fairly long stretches of entry require no timber at all 
(Fig. 1). The shale crumbles down into the entry and fills the floor 
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Area 42.7 sq. 7? 
Fertinerer 26.2 rr 
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corners, a process which may continue until the entry is considerably 
widened at the top, the debris forming sloping sides which completely 
obscure the coal. 


10. Section N,—This section is illustrated in Fig. 4 which 
shows the outlines and the manner in which it was subdivided with 
15 traverse points. Two outlines are given, an initial and a final, be- 
cause the loose debris gradually worked down from the sides as tra- 
versing progressed, thereby increasing the area of the section from 
36.2 to 37.6 square feet, an increase of about four per cent. This 
change was arbitrarily distributed uniformly between the eleven tra- 
verses made here, the increment for each subsection being worked out 
separately and applied progressively. It is probable that the change 
took place more rapidly at first but since the section was mapped only 
twice, once before and once after traversing, nothing definite is known 
on this point. This uncertainty may introduce an error of less than 
four per cent in the quantity determination. Some lack of agreement 
is apparent between the initial and final roof lines, which is largely 
due to error in mapping as there was little spalling from the limestone 
roof. 
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TABLE 8 
Center Constant DETERMINATION, SECTION Qs 
(1) (2) (3) (4) (5) (6) 
Coe - e , 
Serial Vs V, verage er cen er cen 
Traverse ft. per = i. Residual Roe 
Number min Ve from rom 
: V; 0.902* 0.906F 
2 1070 (ORIG i an —0.7 Sila 
3 1060 0.907 0.902 0.0 —0.4 
ee 1190 0.898 0.900 —OF2 —0..7 
5 1185 0.891 0.898 —0.4 —On9 
6 1210 0.896 0.898 —0.4 Ole 


*Average for all traverses except Traverse 14. 
+Average for all traverses. 
Traverse Number 1 was not completed. 


The average subsectional area is 2.46 square feet. The outermost 
traverse points, excluding point 0, enclose 18.4 square feet, which is, 
again, 49 per cent of the mean sectional area. 


11. Leakage Between Sections N, and N,—\As there was known 
to be some leakage at the right-angle bend between sections N, and N, 
an attempt was made to evaluate it by running simultaneous traverses 
at these two sections. The results are given in Table 9. On July 15 
two pairs of simultaneous traverses were run with 15 points at each 
section. Separate pitot tubes were used, being connected to separate 
scales of the Ellison gage and mounted simultaneously at a given tra- 
verse point in each section. This gave two strictly concurrent quan- 
tity determinations at the two sections with a leakage of about 5 per 
cent of the quantity occurring at the bend. The work of July 20 was 
done at about 10 per cent higher velocities and showed a leakage of 
5.6 per cent of the upstream quantity. The center-velocity pressure 
was read at section N, during both traverses as a control, and remained 
constant within its usual range. Leakage at low velocities (about 35 
per cent of normal) was determined on July 27 and found to be 4.7 per 
cent of the upstream quantity. A check was kept on the constancy of 
air flow by means of certain static-pressure differentials which were 
measured during both traverses and gave uniform readings. 

The fact that the absolute leakage increases and decreases with 
the quantity, remaining relatively about the same, indicates that the 
escaping portion returns to the main current upstream from the ob- 
struction at the east overcast which was used to reduce the quantity 
in the low-velocity tests, otherwise the absolute amount of the leak- 
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TABLE 9 
Leakage BetwreEn Secrions N2 ann N, 


Ellison gage data, mine idle 


(1) (2) (3) (4) (5) 
Serial Quantit ee Leak 
uantity 8 
Date Traverse* cu. ft Mo 4 percent 
Number per min. cu. ft. of Qy 
per min. 2 
RAUL Ya Vo cmeyete Sisceasccro 28 Ne (a) 44 400 
Auiliysd Orecwec, ere eee 1 Na 42 200 2200 5.0 
SALLY OL Omaatemis ewe s.« 29 No (a) 45 600 
Mag hv el cove Wiis sectors 2 Na 43 400 2200 4.8 
tality 20) Re rstater Si estere 5 Na (b) 46 600 
RLY 20 iexonevate oie sys 33 No 49 300 2700 5.6 
ANTE De: ot oferenetete ae 8 Nah (6) 15 470 
Uli Con aye ever cists Sie 40 Ne 16 230 760 4.7 


*Listed in the order in which they were run, unless otherwise noted. 

(a) Simultaneous traverses, in pairs. 

(b) Center velocity pressure at section Ne was constant during these two consecutive traverses. 
(c) Static pressure differentials constant during these two consecutive traverses. 


age would have increased slightly due to increased static pressure 
above the obstruction and decreased static pressure below. 

Two traverses were run simultaneously with both the Ellison and 
the Wahlen gages, with the results shown in Table 10. 

These data are consistent with the corresponding results at section 
N, (p. 16) and indicate that the Wahlen gage was giving results one 
or two per cent below the Ellison gage. This is probably due in part to 
error in the specific gravity correction factor applied to the net Wahlen 
gage velocity-pressure readings, because the alcohol in the gage has a 
tendency to absorb moisture from the air, thereby increasing its den- 
sity.* Inasmuch as the gage was not refilled during the field work and 
as its alcohol at the end of the season showed an increase of 0.005, or 
0.6 per cent, in specific gravity, it seems reasonable to assign some of 
the discrepancy in quantities to the use of too low a gravity factor in 
computations. , 


12. N, Center Constant—Nine Ellison-gage traverses were com- 
pleted at section N,, at mean velocities ranging from about 400 to over 
1300 feet per minute, the center constant having been determined in 
eight of them as shown in Table 11. There are four different closely- 
agreeing average center constants, according to different groupings. 


*G. E. McElroy, personal communication. 
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TaBLE 10 
CoMPARISON OF ELLISON AND WAHLEN GAGE Mean Vetocities, Suction Ng 
Mine idle 
(Q) (2) (3) 
Serial V,, (feet per min.) 
Traverse = 
Number 
Ellison Wahlen 
6 736 729 
8 415 413 


Just as at section Q,, there is one extreme center constant corre- 
sponding with the lowest velocity at section N,, but in this case it is 
nearly 5 per cent below the average of the eight values, while at sec- 
tion Q, it was more than 5 per cent above. 

A cumulative center-constant analysis for the first six traverses 
involving constants at section N, is shown in Table 12. 

If the extreme value of 0.782 is included in the objective average 
the cumulative average center constant is not brought within 1 per 
cent of the objective until the low-velocity traverse itself is included; 
whereas, if the average of the remaining center constants (exclusive of 
0.782) be used as the objective it is attained within 1 per cent on the 


TABLE 11 
Summary oF Piror Traverse Resuxits at Section N, 
(1) (2) (3) (4) (5) (6) 
Number* Average 
Item of Average Residual, Extreme Residuals, 
Traverses per cent per cent 
ily AZo tees eee 5 1180 1.0 +1.5 —1.6 
hy U UN tismingerac 4 1429 1.3 +2.2 -1.3 
Ve. 
Se SUS ca Brae a 4 0.828 a6) +2.2 —2.3 
Agee Se NOtseNey.F , 4 0.815 2.0 +1.8 —4.0 
FA PAE eee 8 0.821 1.6 +3.0 —4.8 
6. ” all except 
NonStee.ess a 0.827 1.3 +2.3 —2.2 


*Nine complete traverses were made with the Ellison gage, two of which were run sim 
, l ; ultaneousl: 
with the Wahlen gage. The Wahlen results are not included in this summary. The center walociey 
was Ge determined in one i-n traverse. 
Traverse 8 was run at the lowest mean velocity (415 feet per minute) and gave the mini 
. * nim 
center constant (0.782) which is 4.8 per cent below the average of all center Sone (0.821). re 
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TABLE 12 
Center Constant DETERMINATION, Section N, 
(1) (2) (3) (4) (5) (6) 
Cumulative 
Serial Vv Per cent Per cent 
Naan tt Ber | 2 cate. oe 
umber min. V * 
e v. 0.821 0.827t 
2 1193 OR ese +3.0 2.3 
3 1198 0.836 0.841 +2.4 thy 
4 1161 0.820 0.834 +1.6 +0.8 
5 1257 0.830 0.833 +1.5 +0.7 
6 736 0.827 0.832 +1.3 +0.6 
8 415 0.782 0.823 +0.2 —0.4 


*Average of all traverses. 
tAverage of all traverses except the low-velocity traverse (No. 8), 


third traverse, a result more nearly in conformity with analogous re- 
sults obtained at sections N, and Q, (see Tables 4 and 8). 


13. Results at Section P,—This section, which lies beyond a sec- 
ond right-angle bend from N,, was subdivided into 13 subsections as 
shown in Fig. 5. It behaved like section N, in changing outlines, as 
shown in the figure, going from 25.4 square feet to 26.4 square feet in 
area, an increase of 3.9 per cent over the original value, virtually the 
same relative increase in area as occurred at section N,. In spite of the 
odd shape and small size of the section, the traverse net-work includes 
just 50 per cent of the mean sectional area, which is in agreement with 
the results obtained at the other three traverse sections. Since this item 
was not evaluated at the time the field work was done it is surprising 
that the subdivisions looked on as standard (12, 12, 15, and 13 points 
at N., Q,, N,, and P,, respectively) should be so nearly uniform in 
this respect; the inference being that the fineness of subdivision must 
be pushed further than ordinary judgment would dictate in order to 
enclose more than half the section. 

Ten traverses were run at section P, with mean velocities ranging 
from 635 to over 1900 feet per minute. A summary of results is given 
in Table 13. 

The results were quite consistent as evidenced by the close agree- 
ment in quantity among various duplicate traverses, and the uni- 
formity of the center constant over a considerable range in quantity 
(Table 13). The center constant of traverse 10 (0.906) is so far below 
the average (0.930) as to be an isolated value, its residual being — 2.6 
per cent as compared with an averge residual of but 0.7 per cent. This 
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traverse was made with the air coursed for the lowest quantity (16 500 
cubic feet per minute) measured at section P,, and had there been no 
duplicate traverse (number 9) which immediately preceded traverse 
10 the change in center constant would be attributed to the lowered 
mean velocity. However, the center constant of traverse 9 P, was a 
little above the average (0.937, residual + 0.8 per cent). While the 
two mean velocities were almost identical (635 and 634 feet per min- 
ute) the center velocity (700 feet per minute) in traverse 10 was 3.7 
per cent higher than that of traverse 9 (675 feet per minute). This was 
incident to an increase of but two “points”* (28 to 30) in net center 
velocity pressure, the various average subsectional velocity pressures 
agreeing within one point as between the two traverses, with the excep- 
tion of subsection m (Fig. 5) which was 6 points higher in traverse 10 
(net velocity pressure — 29) than in traverse 9 (net velocity pres- 
sure = 23). The higher “center” velocity pressure in the second case 
may have been due to an unnoticed shift in position of the pitot tube, 
although this is unlikely, to a personal equation between the two ob- 
servers (S and T), to a change in the distribution of the air, or to some 
combination of these causes. 

Since there is no way to determine with certainty the cause of the 
lowered center constant and hence no means of evaluating the changes 
incident thereto, it seems best to consider the constant as being suffi- 
ciently in error to justify its rejection in this case, solely on the 


*A “point”? on the Ellison gage is 0.001 inch of water. 
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TABLE 13 
SumMaAry oF Prror Traverse Resutts at SEcrion P, 
(1) (2) (3) (4) (5) (6) 
Number* Average 
Item of Average Residual, Extreme Residuals, 
Traverses per cent per cent 
™m™ 
i Bull eters (err arae 10 0.930 O57 +1.4 —2.6 
é : 
2 excluding 
VY, traverse 10. 9 0.933 0.4 siost 103 


*Ten traverses were completed, using only the Ellison gage. 
+Traverse 10 was run at the lowest mean velocity for this section (634 feet per minute) and 
gave the lowest center constant (0.906) which is 2.6 per cent below the average center constant (0.930). 


ground that it is appreciably out of the range of the remaining nine 
values. This reasoning tends to invalidate the singular center con- 
stants at sections N, and Q, (p. 22), and it cannot be denied that they 
might properly be regarded as erratic, although the suggestion that they 
are the result of change in velocity is so clear in each case that it should 
be borne in mind as a strong probability. And, indeed, there is an equal 
chance of the center constant of traverse 9 P, being too high and of 
that of traverse 10 being too low. The agreement of the former with 
the other values may be accidental. 

It will be noted from Fig. 5 that the position of the center pitot 
tube, which should more properly be called the fixed pitot tube, is 
rather high in the section, its minimum height above the floor being 
fixed by the stand in which it was mounted (Bulletin 158, Fig. 1). 
This in no way detracts from the control value of the tube as long as it 
is in a region of low or moderate isovel stratification, which it evi- 
dently is (Fig. 13), nor does this affect the consistency of successive 
center-constant determinations, but it does alter the value of the con- 
stant, in this case making it lower than it would otherwise be, due to 
the fact that velocities increase as the roof is approached. This is a 
surprising condition, for the center constant (0.93) is already substan- 
tially higher than for any of the other three sections CN, == 0:87, 
Q, = 0.90, N, 0.82), and had the center (fixed) pitot tube been 
placed in the middle row of traverse points the center constant would 
have approximated unity, as this is about the mean velocity horizon 
(Fig, 13). 

The successive center constant determinations for section P, are 


given in Table 14. 


26 ILLINOIS ENGINEERING EXPERIMENT STATION 


TasBLeE 14 
CrnterR Constant DETERMINATION, SECTION P; 

() (2) (3) (4) (5) 
Cumulative Per cent 
Serial Win Vix Average Residual 
Traverse — Ve from 

Number Vi - 0.933 

Ve 

2 1905 0.943 ee | On Rue +1.1 
3 1915 0.933 0.938 +0.5 
4 1855 0.929 0.935 -+0.2 
6 1840 0.932 0.934 +0:1 


*Average of all traverses except traverse 10. 


From the table it is seen that very close agreement with the ac- 
cepted average is obtained upon, and following, the completion of the 
second traverse. 


14. Comparison of Quantities at Sections N, and P,.—\Traverse 
10, section N, immediately followed traverse 12 P, on August 2 with 
idle-normal conditions. The quantities were 44 300 cubic feet per 
minute at the upstream (N,) section and 44 500 cubic feet per minute 
at the downstream (P,) section. Since there is known to be leakage 
between the two sections, through the stopping between the dead end 
in which station 2 was located (Fig. 1) and the main return for the east 
split, these results are the effect of one or more of three conditions: 
(a) a substantial change in air flow between the two traverses, or (b) 
considerable error in the quantity determinations, or (c) leakage into 
the air course between N, and P, in excess of the leakage out of it at the 
dead end. Since no one velocity-pressure or static-pressure differential 
was read as a control during the two traverses the only clue to the air 
behavior lies in the center-velocity pressure readings taken during each 
traverse. In the first half of traverse 12 P, the center-velocity pressure 
ranged through 13 points, averaging a net pressure of 202 points; while 
during the second half of the traverse the readings ranged over 8 points 
and averaged a net pressure of 204 points, virtually the same as dur- 
ing the first half. At section N, during traverse 10, which immediately 
followed traverse 12 P,, the center-velocity pressure ranged through 5 
points during the entire traverse, and averaged 2 points lower the second 
half than the first. This indicates fairly stable conditions and unless 
the quantity dropped precipitately in the few minutes elapsing be- 
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tween the two traverses, and remained steady for an hour or more 
thereafter, the discrepancy must be laid to one or both of the other 
causes. While such a change in air flow might take place on an idle 
day, due to the effect of a major door which might be closed or left 
open for long periods incident to repair work, etc., it seems rather 
improbable that this is actually what happened in this case. 

Furthermore, this reversal of normal-quantity relationship be- 
tween the upstream and the downstream sections (N, and P,) existed 
over a range in quantity from about 16 000 cubic feet per minute to 
over 40 000 cubic feet per minute, although the data may not be 
strictly comparable in some cases, as corresponding traverses were 
taken on different dates. However, the indication that the tendency is 
a general one is rather clear. Five idle-normal traverses at section N,, 
taken on three different days, averaged 43 270 cubic feet per minute 
with a mean residual of 1.5 per cent, while two similar traverses at 
section P,, taken in immediate succession, gave almost identical quan- 
tities which averaged 44 500 cubic feet per minute. This is 2.8 per 
cent greater than the upstream (N,) quantity. 

Only one condition of air flow gave a higher quantity at N, than at 
P,. Even this was influenced by a falling velocity, as was evidenced 
by decreasing static-pressure differentials. If a correction be applied 
to eliminate the effect of the falling velocity, the probable quantity 
flowing through N, was 3 per cent in excess of the quantity through 
section P,. 

While this is not in accord with the results under other conditions 
of flow, the preponderance of evidence favors the acceptance of the 
statement that, on the whole, the determinations gave higher quanti- 
ties at P, than at N,. Since analogous conditions were apparently sat- 
isfactory between sections N, and N, (Table 9) the suspicion falls on 
the results at section P, if the accuracy of the determinations is to be 
questioned. While the physical conditions surrounding section P, are 
admittedly far from ideal, the exceptional self-consistency of the data 
obtained there leads one to look on them as being at least of the same 
order of accuracy as the data from the other traverse sections. While 
there is undoubtedly an inherent plus error in the method, as shown 
by the results of different sectional subdivisions at N,, there is little 
reason to think that it was substantially more effective at section P, 
than at the other three traverse sections, since virtually one half the 
sectional area was traversed under the standard scheme of subdivision 


at each section. 
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This leads to a consideration of the third possibility, that there 
was a greater leakage of air into the air course between sections N, and 
P, than out of it. Offhand this would seem to be out of the question, 
but there are some factors in the situation which favor this view. The 
mine is more than fifty years old and the present air courses have 
been re-constructed through old workings which are not shown on the 
present maps. Their existence is recognized by the mangement, how- 
ever, as they permit the leakage at the first right-angle bend (between 
N, and N,, Fig. 1) to continue for the purpose of ventilating these old 
works. It has already been pointed out (p. 20) that this air evidently 
returns to the intake air course outbye the east overcast (Fig. 1) rather 
than to the return air course, and there is no reason to think that it 
might not re-enter between sections N, and P,. As long as this return- 
ing air exceeded the leakage from the dead end to the main return 
there would actually be a greater quantity of air flowing past section 
P, than past N,. This is substantiated by a comparison of the average 
idle-normal quantities at sections N,, N,, and P, which are 44 700, 
43 270, and 44 500 cubic feet per minute, respectively. This indicates 
a leakage of about 400 cubic feet per minute at the first bend and one 
of 200 cubic feet per minute at the dead end, assuming the complete 
return of the first leakage between sections N, and P,. On the whole, 
this seems rather plausible, and probably explains the apparently an- 
omalous quantity relationships encountered here. 


15. Conclusions as to Prtot-tube Traversing —From these results 
it is clear that a center constant which will be correct within one or two 
per cent can be established at a given section in an airway by two or 
three traverses, and will be applicable to a moderate range in mean 
velocity. ; 

No extensive preparation of the airway is necessary. Any cross- 
section with moderately regular approach and departure may be used. 

The value of the center constant is primarily a function of the 
section itself, and secondarily of the fineness of subdivision, and prob- 
ably also of the quantity of air flowing. 


Ill. Measurement or Air QUANTITIES BY ANEMOMETER 
AND Kata THERMOMETER 
16. Comparison of Anemometers by Traversing at Section N,.— 
Anemometer traverses were made by the method developed in the pre- 
vious work (Bulletin 158, p. 45). At section N,, as a rule, duplicate 
traverses were made with two different instruments by the same oper- 
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ator, immediately preceding each pitot-tube traverse. These were both 
4-inch anemometers which had been calibrated at the U. S. Bureau 
of Standards by the whirling-arm method. 

One of the interesting features found in this work is that one of 
the anemometers (A) gave consistently lower results than the other 
(B). In the case of only one pair of traverses out of 23 was the re- 
verse true, and in this case anemometer A registered but 0.8 per cent 
higher than B. In two cases, traverses 4 and 17, anemometer A ran. 
more than 10 per cent lower than B, the average under-run being about 
5 per cent for the entire series. This difference persisted with four op- 
erators and through a range in sectional mean velocity from 350 feet 
per minute to more than 1100 feet per minute. The correction factors 
for the two anemometers, as taken from the calibration curves at the 
mean pitot-tube velocity of 970 feet per minute, are 0.961 and 0.936 
for instruments A and B, respectively. This has the effect of raising 
the “A” readings about 2.7 per cent* with respect to the “B”’ readings, 
which is roughly but half the relative difference between them. At the 
highest mean velocity, 1128 feet per minute, the two correction factors 
are 0.956 and 0.931, a relative increase in the A readings of 2.7 per cent 
with respect to the B readings. At the lowest mean velocity, 350 feet 
per minute, the factors are 1.028 and 1.013, respectively, which is a rel- 
ative increase of 1.5 per cent in the A readings. This happens to be 
almost the deficiency of 2.0 per cent actually recorded at this velocity. 
Inasmuch as the anemometers were used as integrating instruments, 
covering a wide range in velocities at each reading under conditions 
not at all comparable with those under which they were calibrated, no 
attempt was made to apply calibration corrections to the readings ob- 
tained, in the full realization that they were undoubtedly in error from 
this and other sources. 

It was hoped that a definite relationship could be established be- 
tween the anemometer velocity (Vz) and the mean pitot velocity 


(Vp = Vm), and the ratio of was calculated for each result with this 
in view. , 

Before discussing this point further it is worth while to consider 
the consistency of the anemometer results under normal air flow in 
comparison with the corresponding pitot results. Arranged in different 
groups both the average and extreme residuals were always higher 


for the anemometer than for the corresponding pitot results, the aver- 


*0.961 — 0.936 


= 2.67 per cent. 
0.936 y 
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TaBLE 15 
Summary or ANEMOMETER TRAVERSE Resutts, Section No 
(1) (2) (3) (4) (5) (6) 
Number Average 
Item of Average Residual, Extreme Residuals, 
Traverses per cent per cent 
Levit. alliten ccererers 23 1211 3.3 +11.1 Sige! 
2. Vt alli ni... 12 973 1.4 + 2.5 — 2.8 
3a talleenerere 43 0.792 4.1 +11.4 —10.2 
Vo 
We 
4. UILY Sea sor 23 0.804 3.5 + 9.7 —10.4 
V, 


*V,, is mean velocity determined by anemometer traversing. _ 
TV, is mean velocity determined by pitot-tube traversing, designated by V,, in other tables. 


age anemometer residuals being fully twice as great and the extreme 
residuals about three times as great as the pitot residuals. This indi- 
cates a greater consistency and reliability for the velocity-pressure 
method than for the anemometer. The essential results are given in 
Table 15, which shows the average of 43 “ ratios, covering varied 
conditions, to be 0.792, and of 23 ratios under idle-normal air flow to 
be 0.804. 


17. Anemometer Traversing at Section N,.—Similar anemometer 
traversing was done at section N,. With one exception, in a different 
method of traversing, anemometer A was again consistently lower in 
registration than anemometer B, averaging 3.6 per cent below it. The 
average of nine determinations of the oe ratio by the original method 
was 0.765 with an average residual of 4.9 per cent, a higher value than 
any yet obtained. The maximum residual was -++ 9.2 per cent and the 
minimum — 7.2 per cent of the mean value. 

At section N,, three anemometer traverses were run with the op- 
erator standing in the center of the entry just behind the section, and 
traversing the entire section with the instrument from that position. 
This necessitated passing the anemometer in front of the body two or 
three times, with a consequent decrease in total registration. This is 


noted in the high ip ratios, which average 1.024 with a mean residual 
a 


of 2.1 per cent. If such a close approach to unity, differing from it by 
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TABLE 16 
Comparison oF Two Mrtruops or ANEMOMETER 
TRAVERSING AT SECTION Q, 


(1) (2) (3) (4) (5) (6) (7) | (8) 

Method Git een ee pvorsee 
Item of Tra- Considered of Va aa Extreme Residuals, 
versing Traverses | Average per Sent per cent 
Value 

1 Whole \ All comparable traverses 12 0.772 6.7 +12.8 —18.7 

2 Halves 0.773 4.8 + 7.6 — 8.6 

3 Whole } Rejecting extremes of line 10 0.777 4.8 + 8.5 — 8.1 

4 Halves 1 and_ corresponding 0.763 4.5 + 6.9 — 7.3 

items of line 2 


a maximum -+ 5.6 per cent in one of the three trials, could be obtained 
with uniformity at any section by this simple method it would pro- 
vide an ideal means of approximate quantity determination, but the 
limited amount of data from this work makes generalization impos- 
sible. No doubt the unusual shape of the section (Fig. 4) was in- 
strumental in producing what is probably a unique result which would 
not have been obtained elsewhere. 


18. Anemometer Results at Section Q,—Duplicate anemometer 
traverses were also run at section Q,, preceding each pitot traverse. 
The results are similar to those obtained at section N, in that the 
anemometer data are less consistent than the pitot data, the anemom- 
eter residuals being fully twice as great as the corresponding pitot 
residuals, as a rule. The average of 26 determinations of the anemom- 


eter constant 2 is 0.772. 


a 


The average residual of the 26 determinations at Q, is 5.4 per 
cent, including two numerically high values, — 18.7 per cent and 
+ 12.8 per cent. No other residual exceeds 10 per cent and, while 
neither of these values need be rejected on account of their high resid- 
uals alone, yet if they are rejected the average of the remaining resid- 
uals is 4.4 per cent, a value considerably in excess of any mean pitot 
residuals computed in this work. After this elimination the extreme 
residuals are + 9.5 per cent and — 8.2 per cent, which represents a 
range in the anemometer constant of 17.7 per cent of its mean value 


(0.770). 


19. Comparison of Methods of Anemometer Traversing at Section 
Q,.—Instead of comparing the two anemometers, two different meth- 
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ods of traversing were compared—the original method by halves, and 
a similar method in which the operator stood virtually in the section 
but always to one side of the anemometer and traversed the entire sec- 
tion with one timing, instead of taking it in halves. The second method 
is referred to as the “whole-section” method in Table 16. 

The results obtained by including all comparable traverses run by 
these two methods are compared in lines 1 and 2, Table 16. As there 
is no apparent explanation for the two high extreme residuals previ- 
ously mentioned they must be attributed to errors, either in instrument 
manipulation, in timing, or in recording data,—probably the first, as 
the results might easily be considerably affected either way (plus or 
minus error) by the closeness with which the instrument was brought 
to the body, the relative length of time spent in a given velocity zone, 
etc. It seems significant that either of these extreme values, which 
were both incurred in traversing by the whole-section method, exceeds 
any residual resulting from the other method. In arbitrarily rejecting 
these two values in lines 3 and 4, Table 16, the corresponding results 
by half-section traversing have also been rejected, solely to keep in- 
tact the basis for comparison of the two methods, the results by the 
half-section method being acceptable in themselves. As is apparent 
from the table the residual characteristics of the results by half-section 
traversing are better in every respect, both in point of mean value and 
extreme limits, than those by whole-section traversing. This is to be 
expected, due to the fact that in traversing by halves the operator is 
free to keep the instrument always at arm’s length from his body; this 
is not the case in traversing the whole section without passing the in- 
strument across the body, because to keep it at arm’s length would 
leave a substantial portion of the entry untraversed. The results indi- 
cate that any gain in accuracy due to the elimination of two timing 
operations for each traverse must have been more than offset by the 
variability introduced in bringing the instrument close to the body. 
Hence it seems that in spite of its greater economy of time this method 
should be rejected in favor of traversing by halves. 


20. Conclusions as to Anemometer Traversing—The anemometer 


ey 


constant V ratio averages about 0.77 at section Q, as compared 
a 


with the same at section N, and 0.79 at section N,, considering the best 
results in each case. This is a surprising uniformity in view of the di- 
versity of individual results entering into the averages, the range of 
velocities (3 or 4-fold) encountered at each section, the number of op- 
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erators (4 all told), and the different characteristics of the three sec- 
tions involved. 

No anemometer work was attempted at section P, and since sec- 
tion Q, was the last of the sections to be traversed it is probable that 
the best anemometer work of the season was done there. Of the thir- 
Vp 
Va 
4.4 per cent of the mean (0.774) with a maximum of + 7.6 per cent 
and a minimum of — 8.6 per cent. While the extreme values cited are 
quite acceptable from a mathematical point of view, considered in the 
light of the range shown by the other values of the series, from the 
standpoint of developing a method of measurement which can be relied 
upon to give consistent results within fairly close limits they are open 
to serious question, separated as they are by more than 15 per cent of 
the mean value. The velocity-pressure traverses are unquestionably 
superior in this respect. 


teen traverses run by halves, the average residual of the =” ratios was 


21. Quantities by Kata Thermometer—An attempt was made to 
measure velocities at section N, with the kata thermometer,* in direct 
comparison with pitot-tube measurements. This was done by mounting 
the thermometer on an arm supported by the traversing column (Fig. 1, 
Bulletin 158) with an electric flashlight focused on it, and sighting 
the falling meniscus with a pair of field glasses from a niche in the rib 
about 15 feet downstream from the section. At velocities around 900 
feet per minute, as determined by a series of uniform velocity-pressure 
observations, the kata results averaged something less than 800 feet 
per minute, but were very erratic, two velocities determined in im- 
mediate succession by the same observer seldom differing from each 
other by less than 10 per cent, and by considerably more than this as 
a rule. The air temperature was 87 deg. F. and the time involved in 
cooling was about 80 seconds, with successive readings often varying 
by 3 or more seconds. An ordinary watch was used in timing, but such 
large time differences must be attributed to observational differences, 
rather than to error in reading the watch. Visibility was reasonably 


*The kata thermometer is an alcohol thermometer designed by Dr. Leonard Hill of Eng- 
land. The bulb is about 114 inches long by 5% inch in diameter; the stem is 7 inches by yy 
inch in diameter. Two marks are engraved on the stem, 100 deg. F. and 95 deg. F. In using the 
kata thermometer as a velocity-measuring instrument, it is immersed in warm water until its 
temperature is more than 100 deg. F. It is then wiped dry and the time required for it to cool 
from 100 to 95 deg. is taken, It is obvious that the time of cooling will vary with the velocity 
and temperature of the air, and formulas have been devised to obtain air velocities from kata- 
thermometric and thermometric data. Mine-air temperatures are quite constant over periods much 
longer than the time required to make an observation. The dry kata thermometer was used in 
these experiments as it is much more reliable for such work than the wet-bulb kata thermometer. 

For detailed descriptions of the kata thermometer and its use see: Hill, Leonard, “The Sci- 
ence of Ventilation and Open-air Treatment,’ London (1919); McConnell, W. J., and Yaglaglou, 
C. P., “The Kata Thermometer—Its Value and Defects,” U. S. Bureau of Mines Serial No. 2565 
(1924); Weeks, W. S., ‘The Ventilation of Mines” (1926), pp. 34-45. 
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good and it seems clear that the fluctuations recorded represent, on the 
whole, actual differences in cooling time rather than observational er- 
ror. Ata velocity of about 385 feet per minute as determined by pitot 
tube (Ellison, 386; Wahlen, 381) and an air temperature of 81 deg. F. 
the cooling time averaged less than 70 seconds with successive obser- 
vations agreeing within 3 seconds as a rule, and in many cases within 
1 or 2 seconds. However, a difference of only one second under these 
conditions gives a difference of six or seven per cent in velocity, so the 
results were by no means as consistent as pitot results nor did they 
agree with them in value, being substantially (10 per cent) lower, as 
was the case at higher velocities. While this is an unfavorable show- 
ing for the kata thermometer it is possible that with improved tech- 
nique and lower velocities it might give consistent results which would 
permit its calibration against some other standard, such as velocity 
pressures measured with the Wahlen gage. Since there is need for an 
accurate and ready means of measuring low underground air velocities 
more work with the kata thermometer along this line would seem jus- 
tified, not on the strength of the results obtained with it in this inves- 
tigation, but in the hope that it might prove its value under more fa- 
vorable circumstances. 


IV. MrASuREMENT OF ENERGY LOSSES 


22. Characteristics of the Atrways.—As in the previous work (Bul- 
letin 158, p. 49) certain portions of the entries were taken as resistance 
units for the determination of energy losses involved in the flow of air 
through underground passageways. These units were of two types, 
concreted and unconcreted. The former is represented in the east split 
by N,—-N, and in the west split by the “Q” units (Fig. 1). They are 
characterized by approximately rectangular cross-section with rather 
smooth rubbing surfaces,—roof, floor, and ribs. The features of these 
concreted units will be more fully dealt with in discussing the losses in 
each unit. The second, unconcreted, type may be further divided into 
approximately straight units and units involving right-angle bends. 
Both are characterized by varied and unusual cross-sections which in 
some places approach triangularity, typified by sections N, and P, 
which have been previously described (pp. 18, 23). The entire layout 
is shown in plan and profile, with frequent cross-sections, in Fig. 1. 
This map also shows the cross-sectional area and perimeter. 

The entire absence of crosscuts is unique, and is due to the great 
age of these entries, concreting and gobbing having completely ob- 
scured the former crosscuts. 
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23. Method of Computation—Energy losses were obtained, just 
as in the previous work, by measuring the static-pressure differential 
between the two end sections of the resistance unit, during the pro- 
gress of the velocity-pressure traverse by which the quantity flowing 
through the section was determined. From this, the total-pressure loss 
and the resulting energy loss were computed as illustrated in Table 10, 
Bulletin 158, p. 51. 

In preparing energy-loss tables, two items not previously dis- 
cussed in this work enter into the computations. They are the mean 
cross-sectional area and the rubbing surface of the resistance unit, 
the latter being the product of the mean perimeter of the unit and its 
length. Both were determined by use of the routine cross-sections 
taken at fairly regular intervals along the entries as shown in Fig. 1, 
where the area and perimeter of each measured cross-section are plot- 
ted against distance along the entry. A smooth curve was drawn through 
the successive points of each item. The area beneath each curve was 
measured with a planimeter, that of the perimeter curve giving the 
total rubbing surface directly, and that of the area curve being divided 
by the length to give the mean cross-sectional area of the resistance 
unit. The mean velocity was obtained by dividing the quantity of air 


Q ) The items 


flowing by the mean cross-sectional area { Vin = A 


Am, 8, Vm, with the total-pressure loss, 1, complete the data necessary 
for the computation of the energy-loss tables. 


24. Unit N,-N,—This is a concreted portion of the entry 136.1 
feet long (Fig. 1) beginning at 0 + 26.8 to the east of the center line 
of the downcast air shaft. It is straight, save for a 4 deg. deflection to 
the right at 0 + 80, a little more than 20 feet outbye traverse section 
N,. It is on a fairly uniform downgrade (going with the air) of about 
one per cent, and has a decreasing area, with some gradual irregulari- 
ties, due largely to the fact that the roof drops more rapidly than the 
floor. The perimeter curve also falls, of course, averaging about 28 feet, 
the average area being 48.2 square feet. The total rubbing surface is 
3750 square feet. 

The roof is supported by a series of 30-pound steel rails across the 
entry at fairly uniform intervals of about six or seven feet, as shown 
on the map. These rails are placed flush against the roof, without in- 
tervening lagging, and extend below it about 3 inches. 

The pressure and energy losses are summarized in Table 17. The 
energy losses average 11 200 foot pounds per minute per 100 feet of 
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TABLE 17 
SumMMARY OF PRESSURE AND Enercy Losses, Unit Ni-N3 
(1) (2) (3) (4) (5) (6) (7) (8) 
Mean Pressure Energy Loss} Energy 
Item Group Number Velocity Loss kX<1010 ft. lb. per Loss 
of Items feet per inches of min. per 100 | h.p. per 100 
minute water* ft. ofentry | ft. of entry 
1 ll Pe eV cma eoicacen Wee i air ones 5ORG) Ole ace aare 
2 me 15 925 0.065 51.4 11 200 0.34 
3 rn 3 890 0.058 49.2 9 0.29 
4 1.2n at 1085 0.087 49.5 17 500 0.53 
5 1.1n 2 1030 0.079 49.7 14 900 0.45 
6 0.9n 1 800 0.051 53.2 7 500 0.23 
ve 0.7n 1 685 0.034 48.3 4 300 0.13 
8 0.6n 1 605 0.027 49.4 3 000 0.09 
9 0.4n 1 340 0.008 47.0 500 0.01 
Residualst 
Aten) falls Weamscrererssc-cre cokers \imaieieraretoun all | Mies cote s ST a recon 
AXIMUMN eres ee ec iaIh Se Tear ||| ee te coreters <-Ourey we Al rate siete 
Moiese aeenosael, Seesto lle eaniccc — BTS le roars 
Item 2,1 n; Mean. ........ 00+ 2.3 2.9 3.3 3.8 
Maximuniecsi eens +3.4 +4.6 + 7.0% + 7.0% 
Minimum 2 nccmcrecas —4.0 —6.2 —10.1% —10.1% 
Tteni.3) Par, Meanie sereetee eis 2-4 Let 2.4 3.9 
AXIMUM  .baree sso 6 +3.1 +3.4 + 2.2 + 6.3 
Minimums... sisxere ci —2.1 —1.7 — 3.7 — 4.2 
Item 5, 1.ln, Mean.... 256. 0.4 1.9 1.6 2.0 


Length = 136.1 feet. 
Rubbing surface = 3750 square feet. 
Mean cross-sectional area = 48.2 square feet. 
Concreted, 4° deflection, crossrails at roof. 
*Computed for an air density of 0.075 lb. per cu. ft. as a standard. All values of & and energy 
losses have been computed on this basis. 
tIn per cent of mean value. 


“The agreement in the extreme residuals of Columns 6 and 7 is purely accidental, four different 
traverses being involved. 


entry, or 0.34 horse power per 100 feet, under idle-normal conditions. 
They are a little lower (0.29 horse power) with the mine running, due 
_to a slight reduction in quantity. 

Since pressure and energy-loss determinations involve the reading 
of an additional pressure in the field, with its incident errors, it is to 
be expected that the errors in the results will be higher than those of 
velocity determinations. A comparison of the residuals of the different 
columns of Table 17 shows this to be true, as they have a tendency to 
increase from left to right, since the items from which they are de- 
rived involve one or more of the preceding items, with a resultant ac- 
cumulation of errors. For example, to obtain the total-pressure loss in 
a unit, it is necessary to know the velocity pressure at each end-sec- 
tion in addition to the static-pressure drop between them, which intro- 
duces any errors in quantity measurement into the total-pressure loss 
determination, along with the errors in the static-pressure drop. This 
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is nicely borne out by the mean residuals of the largest group of de- 
terminations, the idle-normal values (line 2, Table 17) which increase 
from 2.3 per cent of the average mean velocity (column 4) to 3.8 per 
cent of the average energy loss (column 7). The extreme residuals be- 
have in like fashion. 

It will be noted that the coefficient k (column 6) in the formula 
R=ks V?* has extreme values nearly nine per cent above and below 
the mean value of 50.6 X 101°, a variation which is due in part to er- 
rors in the data and in part to failure of the total-pressure loss to vary 
exactly as the square of the mean velocity. This is a point which will 
be discussed more fully later. 

Higher or lower velocities yielded disproportionately higher or 
lower energy losses, as shown in the table, due to the fact that the en- 
ergy loss varies directly as a fairly high power (about the cube) of the 
velocity. The actual relationship between the two, mean velocity and 
energy loss, for the unit N,—N, is shown in Fig. 6, where the logarithm 
of energy loss in foot pounds per 100 feet of entry, or of entry and 
bend, is plotted against the logarithm of the mean velocity in feet per 
minute. Logarithmic plotting is used since this causes the points to fall 
in approximately a straight line, and permits the relationships between 
the two items, energy loss and mean velocity, to be expressed as a 
simple exponential equation. All the individual values of energy loss 
determined for the unit N,—N, are plotted in this figure and an at- 
tempted average straight line has been drawn through the points. The 
slope of this line is 3.03. This is virtually the standard value of three 

3 
a While few of 
the points actually lie on the line, the closely-grouped normal air flow 
points center quite well about it, and the points at higher and lower 
velocities lie very close to it, certainly within the limits of error en- 
countered in this work. The equation of this line is 


h Ree V_ \3.03 
Pn —N, = © Cre 


where h.p. = horse power consumed in air flow per 100 feet of entry.t+ 


V A : 
“T000- ) =mean air velocity throughout the resistance unit in 


for the exponent of V in the expression h.p. = 


thousands of feet per minute. 


*See Bulletin 158, p. 50, or any standard work on mine ventilation. 

{The points are actually plotted as energy loss in foot pounds per minute per 100 feet of 
entry in conformity with column 7, Table 17, the factor being divided by 33 000 to give horse 
power in the equation. 
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Thus, at a mean velocity of 1000 feet per minute there is a loss of 
0.42 horse power per 100 feet of entry of the type represented by 
N,-N,. In addition to the resistance which would be offered by a uni- 
form straight entry of this type there is a four-degree deflection in the 
test length as well as some vertical curvature, a progressive decrease 
in cross-sectional area, and crossbars at the roof. All of these factors 
contribute an unknown share to this loss. Furthermore, since the up- 
stream end section (N,) is less than four diameters (30 feet) from the 
center line of the shaft it is possible that some of the turbulence set up 
by the combined split and vertical right-angle bend at the shaft bot- 
tom extends beyond section N,, thus adding to the normal losses in the 
test unit. 


25. Unit Q,-Q..—The west main air course is concreted for nearly 
300 feet from the air shaft, making it similar to the east side repre- 
sented by N,—N;, save for the absence of cross rails to support the 
roof. Only two of these are present, with a little lagging above to sup- 
port a break in the roof at 0 + 60 (Fig. 1). A portion of this air course 
was arbitrarily divided into three consecutive resistance lengths, 
Q,-Q,, Q.-Q:;, and Q.-Q,. 

Unit Q,—-Q, is 60.1 feet in length and is made up of two tangents 
(Fig. 1) each about 20 feet long, joined by a rough curve about 40 feet 
in radius, the angle of deflection between the tangents being nearly 30 
degrees to the right. The upstream end section (Q,) is less than five di- 
ameters (40 feet) removed from the center line of the air shaft, but is 
immediately preceded by 15 or 20 feet of smooth, straight entry of 
seemingly uniform cross-sectional area but with a changing shape, be- 
coming higher and narrower as section Q, is approached. Within the 
test. unit the cross-sectional area and perimeter decrease and increase 
alternately (see Fig. 1), and, at 0 + 60, drop suddenly due to the break 
in the roof previously referred to. From here on both area and per- 
imeter remain nearly uniform through the remainder of the unit. In 
arriving at mean cross-sectional area and total rubbing surface, 
streamline conditions of flow were assumed past sudden expansions, as 
represented on the map by the dotted lines from 0 + 50 to 0 + 62, the 
actual mean area being 53.1 square feet and the rubbing surface 1785 
square feet, as compared with the corresponding figures of 52.6 square 
feet. and 1750 square feet which were used in the computations to rep- 
resent streamline conditions of air flow. 

Ten pressure-loss determinations were made for this unit during 
an equal number of traverses at section Q,, at unit mean velocities 
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TABLE 18 
SuMMARY OF PRESSURE AND ENERGY Losses, Unit Q:-Q2 


(1) (2) (3) (4) (5) (6) (7) (8) 
Mean Pressure Energy Loss|Energy Loss 
Item Group Number Velocity Loss kX1010 ft. lb. per |h.p. per 100 
of Items feet per inches of min. per 100] ft. of entry 
minute water ft. of entry 
1 | all except PS scoo  cosa0 SORE i caete eines 
0.3n 
2 in 2 880 0.017 34.8 6 800 0.21 
3 rn 1 860 0.016 34.0 6 200 0.19 
4 1.2n i 1030 0.024 35.4 11 300 0.34 
5 1.1n 3 970 0.022 37.2 9 900 0.30 
6 0.9n 1 815 0.015 35.3 5 500 0.17 
ii 0.8n 1 700 0.010 32.5 3 200 G: 
8 0.3n 1 300 0.001* 18.0 135 
Residuals: 
Item 1, all, except O:3n Mean) ..2.. | -c«sie50 Grd) ee tiga wos 
Maximumy's, terems + 5)| mercies ie.) eile tinelerete ce SORT Wee Mosieces 
Minimums ofc cjstes oe || | creceleicie et) Pummeneto es 10a eeieses ae 
Ttem-27i-n, Means... <0 5 6.1 9.2 4.7 Sree 
Item 5, 1.1 i n, Mean....... 0.8 7.0 6.6 ioe ae 
Migximum’..> 2. sees +1.2 + 7.6 + 5.4 + 8.8 5 
Minimum): odes -—1.0 —10.3 — 9.7 —10.8 ; 


Length = 60.1 feet. 
Rubbing surface = 1750 square feet. 
Mean cross-sectional area = 52.6 square feet. 
Concreted, 30° deflection, break in roof, rapid changes in cross-section. 
*The absolute value of this item is so low as to give it very high probable relative error thereby 
invalidating the values of k and energy loss dependent on it. 


ranging from 300 feet per minute to over 1000 feet per minute. Values 
of k are given in Table 18, column 6. They range ten per cent either 
way from the mean value of 35.4X10—?°, with one result (18.0 10—?°) 
far out of line at low velocity, which may be due to the high relative 
error in the low pressure. Again, this wide range is partly due to fail- 
ure of the total-pressure losses to follow the square law over the more 
than three-fold velocity range involved. 

The resultant energy losses are expressed in foot pounds per min- 
ute per 100 feet of average entry of this type in column 7, and are 
plotted, logarithmically, against the corresponding values of mean 
velocity in Fig. 6. The average line lies well below the N,—N, line, but 
is considerably steeper, having a slope of 3.59 as compared with 3.03 
for the east unit. The equation of this line, representing the energy 
loss as horse power per 100 feet of entry, is 


V \3.59 
h.p.q, =6, = 0.34 Ga A 


Hence at a mean velocity of 1000 feet per minute, an entry of the type 
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TaBLe 19 
SumMARy OF PREssURE AND ENERGY Lossrs, Unit Q.-Q; 


(1) (2) (3) (4) (5) (6) (7) (8) 
Mean Pressure Energy Loss| Ener, 
Item Group Number Velocity Loss kX<1010 ft. tb. per Tou: 4 
of Items feet per inches of min. per 100} h.p. per 100 
minute water ft. of entry | ft. of entry 
1 all except 4 vote Meili» lise crate 11.8 
0.3n 
2 rn 1 1040 0.011 12.1 3600 0.11 
3 1.1int 1 1160 0.012 10.6 4400 0.13 
4 0.9n 1 985 0.009 10.9 2800 0.08 
5 0.8n 1 840 0.008 13.4 2100 . 0.06 
6 0.3n 1 355 0.003* 27.8 335 0.01 
Residuals: 
Item 1, allexcept 0.3n, Mean mites [ils Meteienars 8.5 
Maximiaum ne eecsce eae lle aetaares +13.6 
Minimums rece)  seeeise ||| execs —10.2 


Length = 71.7 feet. 
Rubbing surface = 1925 square feet. 
Mean cross-sectional area = 43.6 square feet. 
Concreted, 3° deflection, uniform. 
*See footnote Table 18. 
* tThese data open to some question due to difficulty with a connection but are thought to be 
good. 


Q,-Q, consumes 0.34 h.p. per 100 feet as compared with 0.42 h.p. for the 
east unit. This may seem surprising in view of the marked irregulari- 
ties in alinement, cross-sectional area, etc., present in Q,-Q,, from 
which N,—N, is comparatively free, but it is probably due to the ab- 
sence of T-iron cross bars in the west air course. 


26. Unit Q,-Q;.—This is a direct continuation of the west air 
course from Q,—Q,. It is 71.7 feet long and straight, save for a three- 
degree deflection to the left at 1 + 20. It is on a down-grade of about 
1.5 per cent, and decreases rather rapidly in cross-sectional area for 
the first half of its length and then increases slightly. These features 
are shown in Fig. 1. 

Five energy-loss determinations at mean velocities ranging from 
350 feet per minute to over 1000 feet per minute were made at this 
unit, one of them (1.1n) being open to some question because of diffi- 
culty with a connection, but it is thought to be a valid résult, and is at 
least consistent in its values with the others. The results are given in 
Table 19, and the energy losses are shown graphically in Fig. 6. The 
average line has a slope of 2.21, and its equation is 


VN 2:18 
h.p.g, — Qs 3 (EIKO) oa) 


where V is in feet per minute, and h.p. is for 100 feet of entry of the 


42 ILLINOIS ENGINEERING EXPERIMENT STATION 


TaBLE 20 
Summary or PressurE AND Enercy Losses, Unit Q:-Qs 
(1) (2) (3) (4) (5) (6) (7) (8) 
Mean Pressure Energy Loss Energy Loss 
Item Group Number Velocity Loss k&X1010 ft.lb. per |h.p. per 100 
of Items feet per inches of min. per 100| ft. of entry 
minute water ft. of entry 
1 rn 1 1055 0.019 46.8 14 800 0.45 
2 0.9n 1 1015 0.012 32.2 9 000 0.27 
3 0.8n 1 875 0.009 32.5 5 800 0.18 
4 0.3n 1 365 0.001* 20.8 270 


Length = 30.0 feet. 

Rubbing surface = 805 square feet. 

Mean cross-sectional area = 42.7 square feet. 

Concreted, straight, uniform, 9° deflection at Q:. 
*See footnote Table 18. 


type Q,-Q,. This is the lowest loss found, at normal velocities being 
less than one-third the next lowest loss (Q,-Q,), for a unit not includ- 
ing this one. The coefficient k is, of course, correspondingly low, its 
average value being 11.8 & 10—'°. The value of k for smooth concrete 
ducts of like dimensions and at like velocities computed from the 
Goodenough formula,* which was based on data secured at the Uni- 
versity of Illinois by A. C. Willard for the New York and New Jersey 
Bridge and Tunnel Commission, is 11.4 * 10-*°. This agrees very 
closely with the values given in Table 19, although the hydraulic ra- 
dius of unit Q,-Q, is greater than the range of radii to which this 
formula applies. 


27. Unit Q,-Q,— This is the final subdivision made in the west 
air course, and is a straight concreted unit, but 30.0 feet long, which 
leads away from the previous unit (Q,-Q,) with a sharp nine-degree 
deflection to the right at section Q,. The downgrade of the previous 
unit is continued in Q,-Q,, and the area and perimeter are virtually 
uniform throughout (see Fig. 1). 

Four static-pressure drop determinations were made for this unit, 
at mean velocities ranging from 365 to 1055 feet per minute, the lat- 
ter on a working day, as shown in Table 20. The value of k is about 
three times as great as in unit Q,-Q,, just above Q,-Q,. The same ap- 
proximate relationship holds for the energy losses at velocities near 
the normal, equal lengths considered, in spite of the fact that Q,-Q, is 
quite like Q,-Q,. Hence practically all the loss incident to the deflec-. 
tion at section Q, must be regarded as being downstream therefrom. 


*Trans. A. I. M. E. vol. 74, p. 315. 
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The losses are plotted in Fig. 6, and are represented by the line 
whose equation is 


V \3.92 
h.p.g, 9, = 0.29 ae 


per 100 feet of entry. In fixing this line less weight was given to the 
running-normal and 0.3-normal points than to the other two because 
of the greater fluctuations known to exist on working days, and to the 
higher probable relative errors at the lower velocities. This practice 
was followed throughout this work. 

Two static-pressure drop averages were obtained for Q,-Q, 
(Q,-Q, and Q.—Q, combined) while the mine was working. The mean 
velocities were 940 and 915 feet per minute, with total-pressure losses 
of 0.030 and 0.025 inch of water respectively. These losses give co- 
efficients k of 22.9 & 10—1° and 20.2 & 10—1° and energy losses of 5300 
and 4300 foot pounds per minute per 100 feet of entry, respectively, all 
values which are intermediate between the corresponding values of the 
two component units, as is to be expected. 


28. Unit Q,-Q,.—This composite unit, made up of the three lesser 
units (Q,-Q,, Q.-Q,, and Q,-Q,) is 161.8 feet in length. Five static- 
pressure drop averages were observed at mean velocities ranging from 
330 to 1150 feet per minute. Three results obtained on idle days at 
higher velocities gave almost identical values of k, averaging 
24.1 & 10—-*°, an additional determination on a working day giving 

= 27.4 x 10—'°. The comparative constancy in k indicates that the 
total-pressure losses vary nearly as the square of the mean velocity, 
within a moderate range in velocity. 

This is an interesting result, for here we have a resistance unit 
which is characterized by pressure losses varying as the square of the 
mean velocity, the standard relationship, which is made up of three 
arbitrarily chosen components none of whose resistances showed this 
relationship. This indicates that each unit is a law unto itself, and 
must be treated as such until the effects of deflections, constrictions, 
obstructions, etc., can be isolated and evaluated as distinct from the 
loss due to flow through a straight uniform entry. 

The equation of the average energy-loss line for the five points 
plotted in Fig. 6 is 


V \3.19 
Depo, =a = ORZAl ne 


per 100 feet of entry. 


44 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 21 
SumMarY oF PrEssURE AND Eneray Lossss, Unir P;-P2 


(1) (2) (3) (4) (5) (6) (7) (8) 
Mean Pressure Energy Loss|Energy Loss 
Item Group Number Velocity Loss k&xX<1010 ft.lb. per | h.p. per 100 
of Items feet per inches of min. per 100] ft. of entry 
minute water ft. of entry 
1 lI 6 rete AL. ister eed CE ee Pe ate ayetete 
2 ie a 1165 0.191 82.4 39 800 1.21 
3 1.in 1 1275 0.247 88.5 56 300 1.70 
4 1.05n 2 1240 0.232 88.1 51 300 1.55 
5 0.8n 1 885 0.116 86.5 18 400 0.56 
6 0.4n 1 430 0.027 84.9 2 100 0.06 
Residuals: 

Item 1;’all; Mean......0:.-- Rate algl|| me erevohere pep emer Re 8 Be 
Maximum........ Sena el = Mesias sha ie Soe 
Minimum........ Beane, ill) etexerante 456.8 Wl dec 

Item 4, 1.05n, Mean........ 0.1 0.9 1.2 1.0 


Length = 111.1 feet. 

Rubbing surface = 3400 square feet. 

Mean cross-sectional area = 38.2 square feet. ‘ 
Unconcreted, partly timbered, irregular cross-section, 15° deflection. 


29. Unit P,-P,.—Approximately straight unconcreted resistance 
units are found in the east air course just beyond the second right-angle 
bend, and are designated P,—P,, P,-P;, and P,—P, in consecutive order 
going downstream (Fig. 1). Six energy-loss measurements were taken 
in each of these three units simultaneously, at quantities ranging from 
16 500 to 48 800 cubic feet per minute, which is nearly a three-fold 
range. 

P,—P, is in reality a composite unit 111.1 feet in length, the upper 
two-thirds being untimbered and the lower one-third being timbered 
with pairs of upright props about every five feet along the entry (Fig.1). 
The west half along the south rib has one fairly smooth vertical 
pack wall, which is about 24% feet high and is composed of irregular 
slabs of limestone from the roof, (see cross-section diagrams, Fig. 1) 
while the east half has no pack walls. There is a rather slow 15-degree 
deflection to the right at about 4+ 35. The unit is, as a whole, on a 
one per cent downgrade. The area and perimeter increase suddenly at 
3-+ 81 due to a sharp angle in the south rib, from the restricted di- 
mensions of traverse section P, to an area nearly 40 per cent greater 
and continue so to 4-+ 25 whence they gradually increase, somewhat 
irregularly of course, until the cross-sectional area at the downstream 
end of the unit is about 80 per cent greater than that at the upstream 
end. These relationships are shown in detail in Fig. 1. It may appear 
that section P, should have been established just above the beginning 
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of the timbering, say at 4 + 45, thereby segregating the untimbered 
and timbered portions, but it was thought necessary to have a greater 
length than that of the untimbered portion (70 feet) in order to get 
sufficiently high pressure readings to insure accuracy. Moreover, owing 
to the presence of the deflection in the unit the effect of timbers on 
resistance could not have been judged by a direct comparison of the 
losses per unit length in the two portions. 

The results for this unit are shown in Table 21. The values of k 
are listed in column 6 and average 86.4 & 10-"°, a much higher value 
than any previous one. The individual values are, however, quite con- 
sistent for such a wide range in velocities, as shown by the residuals 
listed for line 1, Table 21, the average of the six residuals being but 2.1 
per cent of the mean coefficient. 

The energy losses in this unit are listed in column 7 of Table 21, 
and plotted against mean velocity in Fig. 7, where they fall along a 
line whose slope is 3.08, having the equation 


h V \3.08 
MO ST 0.80 ron 
per 100 feet of entry. 


30. Unit P,-P,—This is the second unit of the P series and is 
102.6 feet long. Like the first it is made up of a timbered and an un- 
timbered portion, the former including about the west two-thirds of 
the unit. Indeed two distinct types of entry are represented in the 
timbered portion of this unit, the west third of the unit being without 
pack walls, the middle third having pack walls on both sides (see cross- 
section diagrams, Fig. 1). The last few feet of the timbering consists 
of 3-piece sets, the cross-bars being 8-inch x 8-inch timbers about six 
to eight feet long. The east one-third of the unit has neither pack 
walls nor timbers. There are two major deflections which practically 
divide the unit into thirds as just described. The first is about 33 de- 
grees to the left at 5 + 20 and the second 10 degrees to the right at 
5+ 50. Furthermore, there is an abrupt rise of two feet in the roof 
and a gradual rise in the floor of about one-half foot at the latter 
point. This, of course, means a sudden increase in area and perimeter, 
which is, in this case, immediately followed by a return to normal val- 
ues within a few feet. That the area and perimeter do not always in- 
crease and decrease together is illustrated in going from section P, 
(4 + 82.9), which is very broad but low, to 5 + 00 which is narrower 
and higher, the area actually increasing (46.9 to 48.9 square feet) and 
the perimeter decreasing (35.3 to 32.8 feet) between the two sections. 
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TABLE 22 
SumMARY OF PREssURE AND Enercy Losszs, Unit P,-P; 
() (2) (3) (4) (5) (6) (7) (8) 
Mean Pressure E L E 
Item Group Number Velocity Loss &X1010 ft. dtd org Less ae 
of Items feet per inches of min, per 100} h.p. per 100 
minute water ft. of entry | ft. of entry 
1 all 6 orca allt ab siecteve VAS Oieremers 
2 2 1 950 0.168 136 37 900 15 
3 Loin 1 1035 0.220 148 54 400 1.65 
4 1.05n 2 1010 0.207 147 49 600 1.50 
5 0.8n 1 720 0.101 141 17 400 0.53 
6 0.4n 1 350 0.024 141 2 000 0 
Residuals: 

Item 1, all, Meam=>.......<. eres Gb sitar SOc ipetrcyereon. will Metals 
Maximum...... Acc oll) Morons “}2O7/3'0e ol) Sera | Rees 
Minimum...... ee | eae ae cot en eee ll looeee 

Item 4, 1.05n, Mean........ 0.1 Rave 3.4 Sole we cor! easter 


Length = 102.6 feet. 

Rubbing surface = 3380 square feet. 

Mean cross-sectional area = 47.0 square feet. 

Unconcreted, partly timbered, irregular cross-section, 33° and 10° deflections. 


Static-pressure drop observations were made simultaneously with 
those at P,—P,, and the resulting data are shown in Table 22. Mean 
velocities range from 350 to 1035 feet per minute although the same 
quantity flowed during each test as through the preceding unit (P,—P,) 
save for possible undetected leakage. The difference in velocities is 
due to a larger mean area in this unit (47.0 square feet) than in the 
former (38.2 square feet). 

The six values of k obtained have almost the same relative con- 
sistency as those obtained at P,—P,, the extreme value being a little 
further removed from the mean (+ 6.3 per cent) than in the previous 
unit (— 4.6 per cent), and the average residual being somewhat higher 
(3.0 per cent as compared with 2.1 per cent). The absolute value of k 
is, however, much higher, averaging 143 x 10—'° as compared with 
86.4 & 10-?° in P,—P,. This is by far the highest value of k obtained 
in this work, as might well be expected in view of the extremely irreg- 
ular nature of the passageway. 

Power losses are listed in columns 7 and 8, Table 22, and shown 
graphically in Fig. 7, the equation of the average line being 


ge 3i10 
h.p.p, Se 1.50 Can) 
per 100 feet of entry. 


31. Unit P,-P,.—This is the final unit of the P series, and is 99.5 
feet in length, leading directly away from the previous unit, P,—P,. It 
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TABLE 23 
SumMARY oF PressuRE AND Enercy Losses, Unit P3-Pa 


(1) (2) (3) (4) (5) (6) (7) (8) 
Mean Pressure Energy Loss'Energy Loss 
Item Group Number Velocity Loss kX1010 ft. lb. per _|h.p. per 100 
of Items feet per inches of min. per 100) ft. of entry 
minute water ft. of entry 
1 in i 870 0.041 39.1 9 600 0.29 
2 Loin 1 950 0.051 40.6 13 000 0.39 
3 1.05n 2 925 0.049 41.6 12 300 0.37 
4 0.8n if 660 0.019 31.3 3 400 0.10 
5 0.4n 1 320 0.004 28.0 350 0.01 
Residuals: 
Item 1705n] Mean re. crest cle 0.1 1.0 1.2 0.9 | 


Length = 99.5 feet. 

Rubbing surface = 3680 square feet. 

Mean cross-sectional area = 51.1 square feet. 

Unconcreted, untimbered, two 14° deflections, expansion and contraction. 


is more nearly uniform in its characteristics and straighter than either 
of the other two P units, having pack walls on both ribs for its entire 
length (Fig. 1). There are two gradual 14-degree deflections, one to 
the right at 6 + 18, and one to the left at 6 + 75, ten feet above sec- 
tion P,. With the exception of minor rises and falls in the floor and 
roof the unit is about level. 

While the type of cross-section remains the same throughout the 
unit, and the cross-sectional area is nearly constant for the first 40 
feet, it increases gradually about 50 per cent in the next 25 feet, only 
to return nearly to its upstream value of 45 square feet at the end of 
the unit. The perimeter behaves in the same general fashion, with mi- 
nor variations (see curves, Fig. 1). 

In the six static-pressure drop determinations represented in 
Table 23, the mean velocities are considerably lower than in the pre- 
ceding units due to the larger mean cross-sectional area (51.1 square 
feet). Rather unsatisfactory values of k (column 6, Table 23), from 
the viewpoint of consistency, were obtained as they range from 
28.0 < 10-*° (0.4n) to 41.6 x 10—1'° (1.1n) at mean velocities of 320 and 
925 feet per minute, respectively. This means that the pressure losses 
do not vary as the square of the mean velocity in this unit, although 
they virtually follow this law in the upstream P units (P,P, and 
P,-P,), as evidenced by the uniformity in k. This is rather puzzling 
since these are more irregular in physical characteristics than the down- 
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stream unit, P,—P,. It is possible that the large expansion in cross- 
sectional area in the lower portion of P,—P, is responsible for this. 
Power losses in this unit are expressed by the equation 


h Ves :62 
DG 15, = 0.49 Gan 


per 100 feet of entry, as represented by the average line drawn in Fig. 7 
through the plotted positions of the values given in column 7, Table 23. 

32. Umt P,—P,—Three static-pressure drop determinations were 
made for the composite unit P,—P,, which is 313.2 feet in length, being 
made up of the three successive units, P,-P,, P,-P,, and P,-P,. 

In spite of the three-fold range in velocities, very consistent values 
of k were obtained for P,—P,, averaging 99.6 < 10-7 with an extreme 
residual of + 2.2 per cent at the lowest velocity. 

In Fig. 7 the three values of energy loss plotted against mean ve- 
locity form a line whose equation is 


V \2.98 
h.p.p, [= 1.00 Cina) 


per 100 feet of entry. Like the value of k this lies between the corre- 
sponding extreme high and low values of the P units, as would be ex- 
pected. 


33. Umt N,N, (90-degree bend).—There remain for discussion 
the pressure-loss determinations in the two units, N,-N, and N,-P, 
involving 90-degree bends. 

Unit N,—-N,, while its upstream end is in concrete, may still 
properly be classed as nonconcreted because the concrete ends about 
15 feet downstream from section N,. This is immediately followed by 
an abrupt widening which increases the cross-sectional area nearly 50 
per cent. This continues uniformly for about 10 feet; thence the entry 
becomes lower and narrower until section 2 + 10 (see Fig. 1) is reached 
just around the 90-degree bend, where there is a second abrupt widen- 
ing with a 50 per cent increase in area. This continues about uniformly 
to section 2 + 25 where another gradual reduction begins, followed by 
a third, but more gradual, expansion, beginning at 2 + 45. From sec- 
tion 2-+.55 a final reduction is in effect until the end section N, is 
reached at 2 + 68.5. There is no timbering, or other roof support. Thus 
it is evident that the unit is one of marked irregularity in plan, while 
in profile both the roof and floor are nearly level, aside from a four or 
five per cent rise in both approaching section N,. The problem of as- 
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suming proper stream lines of air flow is a difficult one, no attempt be- 
ing made to do so on the plan, although the area and perimeter curves 
were interpolated past sudden expansions as shown in Fig. 1, and the 
resulting average values used in computations. 

Eighteen static-pressure drop values for this unit were obtained in 
as many different traverses at mean velocities ranging from 370 to. 
1190 feet per minute with resultant values of k averaging 86.7  10-1°, 
with a mean residual of 3.9 per cent. Nine of the traverses were made 
under idle-normal conditions at a mean velocity of 1025 feet per min- 
ute. The corresponding values of k averaged 85.9 & 10—-?° and had a 
mean residual of 3.2 per cent. These data are given in Table 24. 

The values of k were obtained by allowing for a five or six per 
cent leakage between the end sections of the unit where specific data 
were not available (see Table 9). Having assigned quantities to both 
end sections their mean value was used in deriving the mean velocity 


of flow kK (col. 4) = rat However, in computing energy losses the 


upstream end-section quantity was used, rather than the mean quan- 
tity, because the loss of air by leakage obviously entails an energy 
loss. These assumptions are theoretically in error to some extent, but 
the entire calculation is based on a somewhat indeterminate leakage, 
which justifies such arbitrary methods of reasoning. 

The maximum value of k was 96.2 * 10—*° at the lowest velocity, 
370 feet per minute (0.4n), and the minimum was 81.2  10—*° at 755 
feet per minute (0.7n), giving a range of 17.3 per cent of the mean 
value between the extremes. These deviations from the average value 
cannot be attributed entirely to failure of the standard V-squared re- 
lationship to hold, although this is a factor, because better agreements 
with the mean value are obtained both at velocities lying between the 
two in question, and at velocities much higher than 750 feet per min- 
ute. That errors in determination (observational and interpretative, 
leakage, Vm, etc.) play a large part is indicated by the fact that un- 
der seemingly duplicate conditions of traversing, where total-pressure 
losses agreeing within 1 point (0.001 inch water) were obtained, the re- 
sulting values of k differed by about five per cent (91.4 X 10—*° and 
96.2 X 10-1°) due to the low pressures involved (0.019 and 0.020 inch, 
respectively). 

The energy losses obtained in the 18 traverses are listed in col- 
umn 7, Table 24, and plotted against mean velocity in Fig. 7 where 
they are closely grouped along the line whose equation is 
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V \2.93 
h.p.n, NG ta 0.88 (Ta) 


which is in fair agreement with the standard V-cubed relationship. 

This unit is most like P,—P, in physical characteristics, differing 
from it principally in the 90-degree bend, the leakage, and a smaller 
mean cross-sectional area (Ay, n, = 42.6, Ap, — p, = 51.1). They are 
of the same general (unconcreted) construction, and have similar cross- 
sectional shapes with like bounding surfaces, save that pack walls are 
less continuous in the bend unit. Both are characterized by minor de- 
flections and marked changes in cross-sectional area, which are some- 
what more abrupt in the bend unit. From Fig. 6 it is seen that the 
energy losses in P,—P, are well below those of N,-N,. 

There are, then, two extraordinary sources of energy loss in this 
unit which evidently account for its high losses in comparison with 
P,—P,: the leakage of about five per cent of the quantity, which is 
thought to be localized at the bend proper, and the loss due to the pres- 
ence of the 90-degree bend itself. To determine the true energy loss 
due to leakage it would be necessary to consider the system as a whole 
and to know the total-pressure loss between the upstream end section 
(N,) of the unit and the point of discharge of the leaking air. No at- 
tempt was made to measure this, as the chief point of interest is the 
loss due to the bend itself, aside from leakage effects, which can only 
be found by determining the total-pressure loss that would have ex- 
isted in the unit had there been no leakage. From this is to be sub- 
tracted the total-pressure loss due to an equal length of straight entry 
of the same type. In other words, the quantity is to be considered as 
being constant throughout the length of the unit. Since the leakage is 
localized in this case, at a point about one-third the length of the unit 
below its beginning, the total-pressure loss as without leakage can be 
expressed with reasonable accuracy in terms of the observed total-pres- 
sure loss with leakage as follows: 

Let2z,, and 71, represent the total-pressure loss under conditions in 
which there is no leakage and with leakage, respectively. Then for the 
upper one-third of the unit 7, — 7, because the quantity remains un- 
affected until the point of leakage is reached. This would not be true 
of the lower two-thirds, however, for there the mean velocity would be 
increased according to the amount of air which was prevented from 
leaking out of the unit, presumably about five per cent of the total 
quantity in this case. Then, for the lower two-thirds of the unit 
Vy—=1.05 V,, and on the assumption that 7 varies as V?, 1, = Lilgg: 


| 
| 
| 
| 
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If the pressure loss is distributed uniformly along the entry we 
may write for the non-leakage total-pressure loss 


eer OS ae 

Dies = s 
Hence on this basis, the losses in total pressure within the unit itself 
would be six per cent greater without leakage than they are at pres- 
ent. The increased losses are given in column 9, Table 24, and are fol- 
lowed by the losses of an equal length of straight entry of the same 
type in column 10. These values were obtained by using 50 X 10-?° for 


k in the formula 7 = a 

5.2a 
straight portions of N,—N, is appreciably greater than that of equal 
lengths of P,—P,, whose average coefficient is about 40 x 10—*°, chiefly 
because of the abruptness of its contractions and expansions. 

The latter item (column 10) subtracted from the former (column 9) 
gives the net total-pressure loss attributable to the 90-degree bend. 
These values are listed in column 11 and are about 20 per cent less 
than the simple friction losses due to the 105.6 feet of straight entry. 
The velocity pressures corresponding to the respective mean velocities 
are given in column 12 and the ratio of the bend losses to velocity pres- 
sure in each case in column 13. This ratio is about 1.0 which is to say 
that the loss in total pressure due to the right-angle bend between N, 
and N, is equal to the velocity pressure. It is interesting to compare 
this with results* obtained by J. W. Paul, H. P. Greenwald, and G. E. 
McElroy, of the U. S. Bureau of Mines, who got the following ratios 
of bend loss to velocity pressure for different conditions of the turn 
corners: 

Inner and outer corners sharp 90-degree angles—1.7 

Inner corner 3-foot radius, outer corner 12-foot radius—0.9 

Inner corner 6-foot radius, outer corner 16-foot radius—0.6 

It will be noted from the map (Fig. 1) that the actual curvature 
around the bend is rather slow, having inner and outer radii of about 
12 and 25 feet, respectively, which should presumably give a ratio of 
bend loss to velocity pressure less than 0.6 instead of 1.0, to be consist- 
ent with the Bureau of Mines results. In choosing k as 50 x 10—*° in- 
sufficient allowance may have been made for the effect of the sudden 
changes in cross-sectional area between N, and N, although it is felt 
that this is a fair probable value of the coefficient for this unit. It is 


on the assumption that the resistance of the 


*Unpublished data. 
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at least safe to say that the loss due to this bend approaches the order 
of magnitude of the velocity pressure but probably does not exceed it 
save perhaps at the lowest velocities. 


34. Unit N,-P, (90-degree bend).—This unit includes a dead end 
with some leakage, and a second right-angle bend which deflects the 
air to the right, instead of to the left, as did the previous bend. It fol- 
lows immediately after N,-N, and is shown in plan and profile in 
Fig. 1. The roof and floor are nearly level, although the roof lowers in the 
last 15 feet, reducing the height appreciably. There is a marked re- 
duction in cross-sectional area, going with the air, the downstream end 
section area (26 square feet) being but 70 per cent of that of the up- 
stream end section (87 square feet). The effective cross-sectional area 
around the bend is indeterminate and the area curve has been interpo- 
lated as a smooth line connecting the known extremities. The same 
treatment was applied to the perimeter curve, and the mean unit area 
(31.0 square feet) and total rubbing surface (2780 square feet) were 
derived from these curves. 

Six static-pressure drop averages were taken for this unit at mean 
velocities ranging from 550 feet per minute to 1600 feet per minute. 
Just as with the preceding unit, it seemed necessary to make quantity 
adjustments to allow for leakage. Since there is apparently leakage 
into the unit as well as out of it, both indeterminate as to quantity 
save by very indirect methods, this is a matter of considerable diffi- 
culty. From the evidence previously cited (p. 28) it seems probable that 
both leakages are measureable in a few hundreds of cubic feet of air per 
minute and that under most conditions of flow the inleakage is slightly 
in excess of the outleakage. However, for the sake of simplicity, it 
was decided to consider the two as balanced under all conditions, and 
the quantity determined in a given traverse at either end section 
(N, or P,) has been applied as flowing throughout the unit in calcu- 
lating the pressure and energy losses listed in Table 25. There is un- 
doubtedly an error of a few per cent either way, certainly not to ex- 
ceed five per cent, due to inaccuracy in quantity from this source, but 
the nature of the data is such as to give little assurance that any other 
assumptions, which would necessarily be more involved, would be more 
accurate. 

1t will be noted from the table that there is a considerable varia- 
tion in k, which increases rapidly with falling velocity, indicating a 
failure to follow the V-squared relationship. The energy losses (col- 
umn 7, Table 25) are plotted against mean velocity in Fig. 8 and are 
averaged by the line whose equation is 
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for the unit, which is appreciably lower, velocity for velocity, than the 
loss in the upstream bend unit, N,—N,, but considerably higher, quan- 
tity for quantity, than the upstream bend loss due to the much higher 
velocities in the lower unit at a given quantity. 

In computing the total-pressure loss due to an equal length of 
straight entry of this type the same coefficient, 50 < 102°, was used as 
for the previous unit, with the mean cross-sectional area and total rub- 
bing surface obtained from the interpolation of the area and perimeter 
curves past the dead end. While this seems to be the only reasonable 
assumption to make as to cross-sectional area, a substantial deduction 
might be made from the rubbing surface to allow for the absence of 
one rib across the dead end. The Bureau of Mines* has found, how- 
ever, that the presence of a dead end such as this has very little effect 
on the resistance of a bend, so the assumption of normal rubbing sur- 
face past its mouth seems justified. The resulting pressure losses are 
given in column 10, Table 25, and the net loss due to the bend itself, 
in column 11. This is followed by the mean-velocity pressure in col- 
umn 12 and the ratio of bend, loss to velocity pressure in column 13. 
This ratio has an average value of about 0.4 at the higher velocities, 
rising to 0.6 at the lowest velocity (0.4n), behaving like the calculated 
k of the unit in this respect. This is a lower ratio than any obtained 
by Paul, Greenwald, and McElroy* for an isolated bend, their lowest 
ratio of 0.6 having been obtained with a curve whose inner and outer 
radii were 6 and 16 feet, respectively, as has been previously stated 
(p. 53). Since the inner curve of this bend is irregular but of an aver- 
age radius of 12 or 14 feet and the outer curve is indefinite due to the 
presence of the dead end, a lower value of the ratio may reasonably be 
expected, which tends to confirm the basis on which this analysis is 
made. Since this bend is about 135 feet from the upstream bend it 
seems probable that the turbulences set up in the air by the first bend 
are dissipated before the second bend is reached and that each 1s in- 
dependent of the effects of the other. The comparatively low loss at 
each of these bends is evidently due to the large radii of their curves. 


35. Summary of Energy Loss Data—This completes the energy 
loss data and it may be well to summarize some features of the losses 
at this point. Since 1000 feet per minute is about the normal velocity 
through the entries in question, a direct comparison of power losses 


*Paul, Greenwald, and McElroy, unpublished data. 
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at this velocity can be made by simply listing the coefficient L in the 
expression h.p. = L (am) for at this velocity the expression aon)” 

oe 1000/ ’ 1000/ . 
becomes unity, and L expresses the energy loss in horse power per 100 
feet of entry. This comparison is made in column 5, Table 26, which 
shows that there is a fifteen-fold range in losses, at the given velocity, 
from 0.10 horse power per 100 feet of entry (Q,-Q,) to 1.50 horse 
power per 100 feet (P,-P,) with only about an eight per cent greater 
quantity being delivered in the second case (Qp,_ p, = 47 000, 
Q a, — a = 48 600 cubic feet per minute). The power loss in the east 
concreted entry is twice that in the west (N,-N, = 0.42, Q,-Q, = 0.21 
horse power per 100 feet) with a three per cent greater quantity accom- 
panying the higher (east) loss. This may seem rather a surprising re- 
sult in view of the greater straightness and general regularity of the 
east air course but must be largely due to the presence of the rail sup- 
ports across the roof (p. 35). 

The “straight” unconcreted units have a three-fold power loss range, 
from 0.49 horse power per 100 feet of entry (P,—P,) to 1.50 horse 
power per 100 feet (P,-P,), the average value being 1.00 horse power 
per 100 feet of entry (P,—P,) at 1000 feet per minute mean air veloc- 
ity. This represents a quantity of 45 300 cubic feet per minute, which 
is practically the normal quantity in this split. 

The 90-degree bend units have rather low losses, 0.88 horse power 
per 100 feet for the upstream unit (N,—N,), and 0.57 horse power for 
the downstream unit (N,-P,). The latter figure is influenced by the 
fact that, at equal velocities, the downstream unit delivers a much 
lower quantity (Qy, _ p, = 31 000, Qn, — N, = 42 600 cubic feet per 
minute) due to its restricted cross-sectional area. 


36. Losses with Normal Air Flow—From the operator’s point of 
view a more satisfactory comparison of power losses in the various 
units would be based on a uniform quantity, the condition which more 
nearly exists through the various units than a uniform velocity. This 
is shown in column 7, Table 26, with an assumed normal quantity of 
45 000 cubic feet per minute in each main split. This represents ac- 
tual conditions within a few per cent and gives a basis for an interest- 
ing comparison. 

Instead of being distributed with some uniformity from the min- 
imum to the maximum (0.10, 0.21, 0.29, 0.34, 0.42) the power losses in 
the concreted units now fall into two groups, three having lower losses 
averaging 0.16 horse power per 100 feet of entry, and two having high- 
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er losses averaging 0.35 horse power per 100 feet. In the first group 
are Q,-Q, and Q,-Q, and the composite unit Q,-Q,. Units N,-N, and 
Q,-Q, have the higher losses. The changes are due to changes in mean 
velocity according to the mean cross-sectional area of each unit. 

In the “straight” unconcreted (P) units the average loss of the 
series of the three consecutive units (P,-P, = 0.99 horse power per 100 
feet) remains little changed due to a very slight decrease in velocity, 
but the relative losses of the component units are quite different, be- 
cause of substantial velocity changes. The loss in P,-P, (1.32 horse 
power per 100 feet) is so increased as to make it the highest of the 
three, and over four times as great as that of P,-P,, which is reduced 
from 0.49 to 0.31 horse power per 100 feet by a lowered velocity. The 
loss from P,—P, is also reduced a little (1.50 to 1.30 horse power per 
100 feet of entry) for this reason, and is virtually equal to that of the 
upstream unit P,—P, in spite of a much lower mean velocity. 

A similar reversal of losses is shown in the two 90-degree bend 
units where both have increased velocities with the ensuing increased 
losses. The upstream unit (N,—N,) losses rise from 0.88 to 1.03 horse 
power per 100 feet of entry, while the downstream unit (N,-P,) losses 
are nearly tripled, going from 0.57 to 1.66 horse power per 100 feet, so 
great is the increase in mean velocity (1000 to 1450 feet per minute). 


V. CHARACTERISTICS oF AtR FLow 


Some special points connected with the flow of air underground, 
not directly involved in quantity and energy-loss determinations, were 
noted during the progress of the work. 


37. Isovels——A large number of isovel diagrams were plotted with 
a view to determining the distribution of air flow throughout the tra- 
verse sections under various conditions of flow. The most comprehensive 
one for section N, is that of the composite traverse which involved 
velocity determinations at 63 points (see p. 12), which is shown in 
Fig. 9. This was taken under idle-normal conditions and is thoroughly 
typical of the many isovel diagrams drawn for this section; it is prob- 
ably more nearly representative of actual conditions of flow than any 
other because of the greater number of points included. The most 
striking feature is! the close horizontal parallelism of the lines in the 
upper portion of the section, the velocity increasing rapidly and con- 
tinually as one proceeds downward from the upper row of traverse 
points until the center is passed, where it begins to decrease, but at a 
much lower rate than that of the increase in the upper zone. Closed 
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Fic. 9. Isoven DracramM, Composite Traverse, Section N2 


loops are formed within the traverse network in the lower portion but 
not in the upper. The upper stratification seems clearly to be caused 
by the series of cross-rails at the roof, which are probably largely re- 
sponsible for the high energy losses found in this unit in comparison 
with those of the west concreted entries, as previously suggested. The 
map (Fig. 1) shows that section N, is practically midway between 
two cross-rails which are about seven feet apart. Since these rails are 
but three inches deep, it seems surprising that their effects should be 
so far-reaching as to be plainly evident throughout the upper half of 
the section, but the fact that there is a continuous series of them with 
fairly regular spacing is probably largely responsible for this. 

A second unusual feature of the N, isovels is the low-velocity zone 
in the lower part of the vertical center-line interposed between higher 
velocities on both sides. This is seen only in the isovel diagrams in- 
volving five vertical tiers of traverse points (15 and 20 subsections) 
because with only the four tiers in the other two schemes (12 and 16 
subsections) this rather narrow area is untraversed. The existence of 
this low-velocity zone was not detected during the field work and so 
no especially detailed study of the floor in the neighborhood of the 
traverse section was made, but it is certain that there were no unusual 
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Fic. 10. Isoven Diagram, Traverse 40, Section N:2 


irregularities in it or they would have been removed, or else described 
in the mapping. It would be attributed to the presence of the center 
pitot-tube supporting stand, which was but a few inches behind the 
traverse section, were it not for the fact that one five-tier traverse was 
run with the center stand removed, and its isuvel diagram shows the 
phenomenon clearly, and agrees in all essentials with the other five- 
tier diagrams. 

Thus it seems evident that the existence of this anomalous low- 
velocity zone between two areas of higher velocity is not due to the 
presence of physical obstructions but is rather a function of the un- 
usual turbulence of this section which tends to divide the lower portion 
of the section into two high-velocity zones. It may be characteristic 
of this section only or of any section within an undetermined distance. 
Furthermore, since the five-tier subdivision was used for idle-normal 
air flow only it is impossible to say whether or not this condition exists 
throughout a considerable range in quantity, but it is probable that it 
does since the accompanying stratification in the upper zone is evident 
in all of the diagrams drawn, regardless of conditions of air flow. This 
is illustrated by Fig. 10 which is the isovel diagram of the velocities 


AIR QUANTITIES AND ENERGY LOSSES IN MINE ENTRIES 63 


Fig. 11. Isoven Diagram, TrAversE 2, SecTion Q, 


obtained in traversing section N, with the Wahlen gage at 0.4 times 
the normal quantity (V», — 350 feet per minute). 

Isovel diagrams for Q, traverses are of the “bull’s-eye” type with 
the high-velocity focus displaced to the right of the center of the sec- 
tion. This is shown by Fig. 11, which represents the results of traverse 
2 with idle-normal air flow, and is typical of the diagrams at other 
velocities. The shift of the high-velocity area to the right of the sec- 
tion is seemingly due to the sharp deflection of the air course at sec- 
tion Q,;, just 30 feet upstream from section Q,, as this would naturally 
have the effect of throwing the air against the right (south) rib. The 
close diagonal stratification in the lower left portion of the diagram, 
representing a rapid decrease in velocity in going from the center of 
the section to that corner, is probably due to the combined effect of 
the upstream (Q,) deflection and the fact that the entry is on a fairly 
uniform 2 per cent downgrade, going with the air, for some distance to 
either side of the traverse section. This would have the effect of forc- 
ing the air against the roof rather than the floor and of shifting the 
flow away from the lower left corner, as is shown actually to be the 
case. There is no apparent explanation for the lower velocities at sub- 
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Fia. 12. Isoven DiacraAM, Traverse 1, Secrion Ng 


section g than at subsection d or j on either side of it, and in the ab- 
sence of more detailed knowledge they can only be ascribed to turbu- 
lence effects of an obscure nature. 

The N, isovel diagram is of the centered bull’s-eye type as shown 
by the diagram representing idle-normal conditions, Fig. 12. The cen- 
tral area bounded roughly by lines joining subsections d-l-m-e is the 
high-velocity zone having rather large isovel intervals, while close ver- 
tical stratification characterizes the side areas and close horizontal 
stratification the bottom area, the mean velocity being well within the 
zones of close stratification. The same description applies to higher 
and lower velocity diagrams. 

On the whole, this is the type of velocity distribution one would 
expect in a more nearly rectangular section in a less unusual setting 
but it seems to be characteristic of section N, to give systematic and 
well-behaved results in spite of its shape and surroundings. 

Section P, gives a monoclinal isovel diagram, topographically 
speaking, rather than a domal or partly domal arrangement as did the 
other sections. Diagrams representing different quantities are quite 
like Fig. 13, which gives the idle-normal velocity distribution. Its 
higher velocities are found in the top row of traverse points with a 
successive decrease in velocity from top to bottom in a given tier of 
points. The maximum velocity is at subsection k in the top row to the 
right of the center, and the minimum, which is but little more than 
one-half the maximum, at subsection a in the triangle between the roof 
and pack wall at the upper left corner. 

This shifting of the high-velocity zone above and to the right of 
the center seems to be the logical result of the vertical and horizontal 
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Fie. 13. Isoven Diacram, Traverse 12, Section P, 


configuration of the entry approaching section P,. In the immediate 
approach to the section the roof drops on nearly a 2 per cent grade 
and the floor on a 1 per cent grade, the roof rising rather rapidly a 
little distance beyond the section, a feature which probably had little 
or no effect at P,. However, the drop in the entry would naturally 
force the air against the roof and the presence of the 90-degree deflec- 
tion just above the section would throw the air to the right-hand 
(north) rib. 

In conclusion it may be said that the results at these four tra- 


verse sections (N,, Q,, N,, and P,) show that, in a general way, the 


velocity distribution within a section is a function of the physical char- 
acteristics of that section and its setting, and is practically independent 
of the quantity of air flowing. 


38. Variations Caused by Obstructions—Some interesting static- 
pressure effects were produced with idle-normal air flow by putting 
extra resistance in the form of a man or men in various places and 
positions in the entry and noting the effect on the static-pressure drop 
between N, and N,. The outstanding results of these tests are given in 
Table 27. . 

While there are some obvious inconsistencies in the table, inas- 
much as the center-velocity pressure (column 2) was higher with two 
men in the entry than with one, the effect of such seemingly minor ob- 
structions on the static-pressure drop is very clearly shown (columns 
5 and 6). Increases in this item ranging from 12 to 37 per cent of the 
normal value are found in spite of slight decreases in quantity. The 
effect on power consumption (columns 7 and 8) is even more striking 


ILLINOIS ENGINEERING EXPERIMENT STATION 


66 


‘ornssoid [8404 ut esvaroU! oAIywIeI oB1¥] Jo asnvoeq % ur aswosvap Jo oy1ds ut doap oinsseid-014e48 


*8]89} 9804} ZULINP Use} YOU sInssaid A£y100[9A 194U9D>5 


UI 4BY} UB} IoIWaIG ST SSO[ ADIOUS UL BSVOIOUI BATYBIOYg 


“SU0T}IIS JUIIBYIP YB IepeUL $19} [VIOAVS JO SADVIOAVy 


000'¢¢ 


“SaTFTOOTOA soy} 48 Corp omssoid-o14048 OY} ULY} sso] 1078 JO OUT FZO'O SI pute 'N put 'N woosyoq ssoy oinssosd-12}0} oy} st? olay 2 = “7 “gL 


O2%°S 
*AYIOOTAA 


UBOUT OATS OF E/8°0 JUBISUOD JozUG0 OF¥IOAR 04} ZutA|dde pus (3003 orqno sod punod ¢7/0°0) AyIsuep [enjzow oY} 4% AyIOOTAA 10}U00 oy} Sulyelno[es Aq pourezyqgy 


ee 


ae 


Sor TIT'O 
a ia £01 260°0 
oe % ra 6010 
a7 ak Ort 860'°0 
qOST 69°0 LEI S610 
al&T £9°0 LEI sIl'0 
gfIT 6¢'0 aes OOT'O 
Oot 970 oor 680'0 
doiq I0}e AA JO “Ut 
ssO'T oinssolg doiq 
AZIIUq ‘ay ~019819 einssaig 
[eu10N {ssoT Asisouny jeul10N -019B4S 
jo yua0 Jog jo 4u20 190g 
(8) (2) (9) (¢) 


forsee esscesssssoreogiqsdn Samuni usu suCQ 


set eeeesssss surgaigsuMop SuTmUNI UBL BUC 


Trees ssss sss <UTgaIISUMOP ZULYVM UU VUQ “G 
% 


L136 O06FF $10°0 “7 ***Aijue ssolov ysveiqe ZuIpueys UsU OMT, * 
¥'66 00zeF 610'0 Cop tite ents sha 3 00 eomoeR gmaxD ETD 
ye ynq ‘Aiyu9 Jo o[pprul url Zurpueys ueul OMT, ‘*¢ 
$96 O06EF T40°0 2X1} U9 OY} JO o[Pprur 94} UI Zurpueys uvu ouQ °*Z 
0001 o0cer 920'0 shale cal }aler a1 ottatattelo) ol ete ¥etetee spay aio “ameeo AQUA *T 
I0y@M JO “Ul 
Aqyguenry *‘ulur 10d tN 98 
[ew10N “qy "no oinssolg 
jo qua0 Jag xA4QuBN? AYLOOTA A uolyIpuo*d 
19}U9—) 
() (€) @) (1) 


"NN LIN() NI SNOWOOUISAQ OL TAC SSO] ADYANGY GNV ALMNVAQY NI SNOILVINVA JO AUVIWAG 
1% IAI, 


AIR QUANTITIES AND ENERGY LOSSES IN MINE ENTRIES 67 


Fig. 14. Easr Arr Course Looxina DowNstrEAM FROM SrcTIon N, 


as corresponding increases of from 13 to 50 per cent of the normal 
losses are experienced. 

Unfortunately the unobstructed air flow was not as steady as it 
usually was, as reflected in successive center velocity-pressure readings 
at section N,, not shown in table, which ranged through five points of 
pressure or more. This probably accounts for the higher values noted 
in lines 3 and 4, Table 27, than in line 2, as a greater total pressure 
was evidently being impressed on the unit from outside influences, 
which would have resulted in appreciable increases in quantity had 
the entry been clear. Nevertheless, the tests showed clearly that the 
presence of a man in the entry, obstructing but about 10 per cent of 
the area at only one cross-section, caused a measurable decrease in 
quantity of a few per cent. 

The tests with a man in motion in the entry are interesting in 
that they show the pressure loss to be lower with a slow concurrent 
(downstream) motion than with a stationary obstacle, and still lower 
with a more rapid concurrent motion. The converse relationships hold 


equally well for countercurrent motion. 
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Fic. 15. West Arr Course at Secrion Qi, 


39. Correlation of Air Cycles with Hoisting—There was audible 
leakage from the west air course through the manway, where the gages 
were set (station 3, Fig. 1) into the main return and it was noticed 
that the sound grew alternately louder, and then quieter, while hoist- 
ing was in progress. Observation showed that the changes were sys- 
tematic, and had the same frequency as the hoisting, each hoist caus- 
ing a complete leakage cycle from loud, through quiet, to loud again, 
the quiet period virtually coinciding with the time the descending cage 
was in the shaft. 

This suggested that the quiet periods of leakage represented a re- 
duction in air quantity for the mine as a whole due to the partial 
blocking of the upcast shaft by the moving cages, the descending cage 
naturally being the more effective one in this respect. If this were so 
the changes in quantity should be reflected in alternate increases in 
static and velocity pressures in a given portion of the airways. This 
was tested out in the Q units by timing the rise and fall of the Ellison 
gage meniscus under pressure, points of maximum and minimum pres- 
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Fig. 16. East Arr Course at Section P, 


sure only being noted, and correlating these data with the leakage 
cycles, which amounted to a correlation of pressure and hoisting cycles 
due to the relation between leakage and hoisting previously established. 

It was found that both static-pressure drops and the center-veloc- 
ity pressure at section Q, moved in cycles of the same frequency as the 
leakage cycles, and were nearly synchronous with them, the lower pres- 
sures accompanying the quieter leakages. While the changes were 
small in amount, averaging less than five Ellison-gage points (0.005 
inch of water), they were uniformly well defined and regular in their 
behavior. The average maximum center-velocity pressure was 0.089 
inch of water with a corresponding minimum value of 0.084, a decrease 
of 0.005 inch or 5.6 per cent of the maximum pressure. Such a reduc- 
tion in velocity pressure indicates a reduction of about 2.8 per cent in 
quantity, which, if equally effective in both main splits, means that 
the normal mine quantity of about 90 000 cubic feet per minute is 
reduced by about 2500 cubic feet per minute while the cages are in 


the shaft during hoisting. 
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Fic. 17. East Air Course Lookinc UpstreEAM FROM SECTION P2 


Finally it should be pointed out that these tests show conclusively 
that the movements of the Ellison gage meniscus were in fine response 
to rather minute pressure changes, certainly in so far as the time of the 
changes is concerned, and probably equally well as to their magnitude. 
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VI. Summary or Concuusions 


40. Conclusions—As a result of the investigation the follow- 
ing conclusions were drawn: 

(1) Experience in measuring mean velocities ranging from 
350 to 1900 feet per minute in mine entries of different degrees of 
uniformity (shape, area, alinement, and roughness) abundantly 
confirms the conclusions reached as a result of the work de- 
scribed in Bulletin 158: namely, that it is possible to measure air 
quantities with reasonable accuracy in coal-mine airways by pitot- 
tube traversing methods, at practically any desired location, and 
without special preparation of the section, provided extreme care is 
used in every detail of the work. 

(2) An increase in the number of subsections in a given 
cross-section gives mean-velocity results somewhat lower than are 
obtained with a smaller number of subsections, due to the fact 
that a greater portion of the cross-section is being covered by the 
traverse. There is no end to the number of subsections that may 
be used other than the limitations caused by the time required 
and the accuracy desired. 

(3) The ‘center constant,” or ratio of mean velocity to center 
velocity for a given cross-section, is primarily a function of the 
section itself, including its shape and the characteristics of the 
entry, and varies but slightly with velocity changes. 

(4) If extreme care is used a center constant, correct within 
one or two per cent, may be obtained for a given cross-section 

by making two or three traverses for a given condition of air flow. 
j (5) Results obtained by anemometer traversing indicate 
that while a certain degree of accuracy can be had by calibrating 
the anemometer against pitot-tube traverses at a given cross-sec- 
tion, yet the anemometer data are less consistent than the pitot- 
tube data, the average residuals for the former being twice as 
great as for the latter. 

(6) The kata thermometer was tried as an instrument for de- 
termining velocities in direct comparison with the pitot tube. 
The results obtained were very erratic, two velocities determined 
in immediate succession by the same observer generally differing 
from each other by more than ten per cent. These trials were 
made at velocities of about 400 and 900 feet per minute, and do 
not suggest much possibility of satisfactorily using the kata ther- 
mometer for measuring velocities. It is possible, however, that at 
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lower velocities, requiring a longer time for cooling, it might give 
more consistent results. 

(7) Simultaneous readings on the Ellison and Wahlen gage 
throughout complete traverses not only give a good agreement be- 
tween the mean velocities computed from these data, but indicate 
that the Ellison gage can be used with accuracy at comparatively 
low velocities. Almost exact checks were secured at mean veloci- 
ties of 400 feet per minute and less. 

(8) The expression for energy loss, ksV*, derived from the 
Atkinson formula, leads to the statement commonly made that, 
other conditions remaining the same, the energy loss varies as the 
cube of the velocity. This, of course, presupposes that k is a con- 
stant at all velocities, a supposition that is not entirely correct. 
In these experiments, by the logarithmic plotting of energy losses 
against velocities, it was found that the exponent of V varied from 
2.18 to 3.92, although for the long unit N,—N, and the composite 
units Q,-Q, and P,—P, the value of the exponent approximated 
3.0, being 3.03, 3.19, and 2.98 respectively. An examination of the 
individual values indicates with one exception that only in the 
case of short units (considerably less than 100 feet in length) did 
the exponent depart very far from the commonly assumed value 
of 3.0. 

(9) The magnitude of the energy losses under different entry 
conditions is shown by these experiments. With normal air flow 
for this mine, about 45 000 cubic feet per minute in each main 
split, the horse power required per hundred feet of the several 
types of entry represented ranged from 0.1 to 1.6. 

(10) The value of k in the Atkinson formula, calculated on 
the assumption that pressure losses vary as the square of the ve- 
locity, ranged from 12 x 10—?° to 143 & 10—?°, depending on the 
type of entry. For an entry lined with smooth concrete a straight 
unit gave k = 12 x 107°, while for a somewhat sinuous unit k 
equalled 35 & 10—1°. For the composite unit k was 25 « 10-29, A 
very similar unit but having cross bars of 30-pound rails on 
about six-foot centers had a value of k of 51 x 10-'°. The great 
effect produced by comparatively small obstructions is note- 
worthy. 

For unconcreted air courses k ranged from 41 & 10-?° for a 
fairly straight entry without timber but with gob pack walls form- 
ing the sides, to 86 X 10~1° for a somewhat similar entry partly 
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timbered, and to 143 10-1 for a sinuous entry with timber and 
pack walls. The composite unit gave k = 100 x 10-°, 

(11) Pressure losses due to bends, the inner radius being 
about 12 feet, expressed as a function of the velocity pressure, 
were about 1.0 velocity pressure at one bend and about 0.5 veloc- 
ity pressure at another. It should be noted that these were not 
sharp turns but had rather easy inner radii. 

(12) Attention should again be called to the fact that k is not 
a coefficient of friction alone but a factor covering all energy losses 
of whatever nature, particularly those losses caused by extraordi- 
nary turbulence. 

This is well brought out by considering the losses due to 
changes in the alinement of the entry. For example: from the 
similarity of units N,-N, and N,-P, to unit P,-P, it was esti- 
mated that the value of k for the former units was 50 &* 10—?°, not 
including the bend losses. If k were calculated from the total-pres- 
sure loss, it would have a value of 87 * 10—'° for unit N,-N, and 
66 < 10—*° for unit N,—P,. 

While entry conditions in this mine were hardly uniform 
enough to attempt to evaluate the losses caused by slight changes 
in alinement yet there is a definite indication of the effect of such 
changes on the values of k. For section P,—P, the value of k is 
14310—*°, while for a similar section, P,—P., k is only 8610—-*°. 
It is practically certain that the former section has such a high 
coefficient partially on account of its deflection, totalling 48 de- 
grees, while the latter section has a deflection of only 15 degrees. 
A similar effect is noticed in the Q sections, k for section Q,-Q, 
being only 12 * 10—'° while the k for the composite section Q,—Q,, 
totalling 42 degrees deflection, was 25 « 107". 

While not all of these differences can be definitely assigned 
to deflection losses yet the general tendency is unmistakable. In 
any practical application of resistance formulas and in the ab- 
sence of criteria as to the magnitude of the losses due to changes 
in entry alinement a higher value of k must be chosen than the 
one indicated solely by the roughness of the entry. 
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